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ABSTRACT 

The  “optoelectronics  industry”  is  a  collection  of  six  or  more  distinct  industries  that  all  depend  on  OE  technology.  The  major 
markets  are  in  communication,  imaging,  storage  and  displays.  This  paper  gives  a  brief  overview  of  the  anticipated  paradigm 
shifts,  the  potential  markets  and  the  promising  new  technologies  in  various  OE  markets. 
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1.  INTRODUCTION 

The  dictionary  defines  Optoelectronics  as  “a  branch  of  electronics  that  deals  with  electronic  devices  for  emitting,  modulating, 
transmitting,  and  sensing  light”. 

Today  Optoelectronics  has  a  broader  meaning.  It  also  incorporates  Electro-optics,  a  branch  of  physics  that  deals  with  the 
effects  of  an  electric  field  on  light  transversing  it  (e.g.  gas  and  solid  state  lasers),  and  Photonics,  a  branch  of  physics  that  deals 
with  the  properties  and  applications  of  photons,  especially  as  a  medium  for  transmitting  information.  It  also  increasingly 
overlaps  with  many  facets  of  Optics,  a  science  that  deals  with  light,  its  genesis  and  propagation. 

This  relatively  new  branch  of  science  and  engineering  interchangeably  deploys  electrons  and  photons,  to  take  advantage  of 
their  best  attributes.  It  has  already  laid  the  foundation  of  the  technology  that  enables  the  information  age.  Optoelectronics 
enables  all  functions  of  the  information  industry.  It  is  essential  in  gathering  the  information  (imaging),  as  well  as  in 
transporting  and  displaying  it.  It  also  has  a  role,  along  with  other  technologies,  in  storing  and  processing  information.  Due  to 
their  increasingly  important  role  optoelectronics  components  already  represent  a  substantial  worldwide  market  exceeding  by 
a  factor  of  three  the  market  for  traditional  optics,  Fig  1 . 


Figure  1.  Worldwide  Component  Markets  1998 


This  is  indeed  remarkable  when  we  consider  that  these  elementary  particles  were  only  discovered  in  this  Century. 

Discovery  of  the  electron: 

It  was  in  1887,  when  J.  J.  Thomson  working  in  the  Cavendish  laboratory  at  Cambridge  measured  the  ratio  of  the  charge  e  of 
an  electron  to  its  mass  m  by  observing  its  deflection  in  both  electric  and  magnetic  fields.  The  discovery  of  electron  is  usually 
said  to  date  from  this  historic  experiment. 
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Discovery  of  the  Photon. 

The  discovery  of  the  photon  dates  back  to  Planck’s  experiments  in  1900  on  the  energy  of  photo-electronics  leading  to  h,  the 
Planck  constant,  6.6254  x  10E-27  erg  sec.  This  was  followed  in  1905  by  the  famous  Planck-Einstein  equation: 

E  =  hv, 

Where  h  is  the  Planck  constant  and  E  is  the  energy  of  a  quantum  of  light  (called  photon  by  others  at  a  later  date). 

Some  of  the  major  attributes  of  the  two  particles  explain  their  application  domains  and  are  compared  in  the  following  table: 


Attributes 

Electrons 

Photons 

wavelength 

3  cm  -  30  m 

500  nm 

Frequency 

10  MHz- 10  GHz 

500  THz 

Energy 

40  neV  -  40  neV 

2  eV 

Propagation  loss 

High  (in  copper  wire) 

Particle  interaction 

High 

None 

There  are  certain  functions  that  can  be  uniquely  provided  by  optoelectronics.  In  other  areas  OE  competes  with  other 
technologies  or  assumes  a  supporting  role  as  shown  in  the  following  table. 

The  Role  of  Optoelectronics  in  the  Information  Age  Technologies 


Dominant  Enabling 
Technology 

Competing  with  Other  Technologies 
(Market  Share) 

Supporting  Role 

Dominated  by  Electronics 

Transmission 

Sensors 

Logic  functions 

Display 

Storage 

Processing 

Imaging 

Lighting 

2.  OPTOELECTRONICS  INDUSTRY 

There  is  no  single  optoelectronics  industry.  It  is,  in  fact,  a  combination  of  several  industries  supported  by  common 
technology  and  common  infrastructure  as  shown  in  Fig.  2 


Industries 


Technologies 


infrastructure 


Figure  2.  Optoelectronics  Industries 


Of  the  industry  segments  depicted  in  this  figure  communications,  imaging,  storage  and  displays  have  a  large  worldwide 
market,  Fig  3  Emerging  markets  in  optoelectronics  are  energy  related  and  will  have  an  increasingly  important  role  as  the 
world’s  known  energy  sources  are  depleted.  Solar  cells  produce  environmentally  clean  energy  and  solid  state  lighting  has  the 
promise  of  providing  more  efficient  and  environmentally  benign  replacement  for  the  currently  used  incandescent  and 
fluorescent  light  sources. 


Figure  3.  World  OE  Production  (SB)  1998  (Total:  $140.6  B,  North  America  Estimate:  S42.8B) 


This  paper  gives  a  brief  overview  of  the  anticipated  paradigm  shifts,  the  potential  markets  and  the  promising  new 
technologies  in  various  OE  markets. 


3.  OPTICAL  COMMUNICATION 

Driven  by  Internet  and  data  services,  the  evolution  of  information  networks  continues  at  an  unprecedented  pace.  The 
traditional  telephone  architecture  is  rapidly  changing: 

■  Transmission  is  moving  to  all-digital  before  the  end  of  the  next  decade 

■  Voice  services  are  increasingly  augmented  by  multi  media  (incl.  imaging) 

■  Voice,  relative  to  data,  becomes  insignificant  part  of  transmission  bandwidth 

■  Intelligence  is  moving  from  the  central  office  to  the  perimeter  of  the  network 

■  The  stationary  telephone  is  replaced  by  the  mobile  telephone 

■  Telecom  and  datacom  networks  converge. 

All  these  changes  are  made  possible  by  the  evolution  of  the  electronic  and  optoelectronic  technologies.  Multi-Gb/s 
SONET/SDH  and  WDM  transmission,  resulting  in  capacities  in  excess  of  one  Terabit/sec  on  a  single  fiber  meet  the  explosive 
demand  for  bandwidth.  Simultaneously,  the  increasing  dominance  of  Internet,  Web  and  data  services  is  causing  a  conversion 
from  voice-  to  data-centric  networks,  with  a  need  for  high-speed  and  broadband  transmission  at  the  lowest-possible  cost. 

In  addition  to  the  ongoing  research  and  development  at  universities  and  industry  the  government  has  also  played  a  significant 
role  in  this  evolution.  Some  of  the  fruits  of  DARPA  sponsored  technologies  are  being  implemented  commercially  and  are 
changing  the  communications  landscape.  On  the  service  level  there  is  the  Internet,  on  the  system  level  WDM  is  reaching  all 
segments  of  the  network  and  on  the  device  level  VCSELs  promise  to  lower  costs,  facilitate  the  integration  of  electronic  and 
photonic  components  and  render  optical  networks  more  affordable.  Simultaneously  the  1996  Telecommunication  Act  is 
unleashing  competition  among  service  providers  and  the  consumer  is  left  with  a  bewildering  array  of  options.  The  streets  of 
major  cities  are  under  attack  from  competing  carriers  laying  new  cable,  and  mobile  phones  are  spreading  faster  than  before. 
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OIDA's  roadmapping  in  optical  communication  started  in  1992.  The  most  recent  studies  took  place  in  1998  and  1999.  The 
1998  study  concentrated  on  the  anticipated  demand  on  communication  systems  that  can  deliver  the  required  services.  The 
predicted  growth  rate  of  the  various  communication  services  is  shown  in  Fig  4. 
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Figure  4.  Growth  Rate  of  Communication  Services 


This  amazing  growth  rate  is  fueled  by  the  evolution  of  the  communication  bandwidth  which  got  a  major  boost  in  the  mid¬ 
nineties  from  the  commercial  implementation  of  wavelength  division  multiplexing  (WDM).  To  keep  up  with  this  growth  and 
to  deploy  all  the  technology  that  has  been  demonstrated  to  date  many  practical  and  commercial  issues  must  be  addressed. 
The  migration  of  the  optical  technology  from  the  high  performance  backbone  networks  toward  the  high  volume  access 
network  requires  a  drastic  cost  reduction  of  the  OE  components.  The  relentless  cost  reduction  in  the  transmission  network 
expressed  in  bit-km  is  shown  in  Fig  5. 
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Figure  5.  Transmission  Cost  Erosion,  Ref.  Yanming  Liu,  Coming 


When  the  study  was  initiated  two  years  ago  it  was  obvious  that  communication  would  expand  exponentially.  It  was  also 
obvious  that  communication  is  segmented  into  several  markets  with  sometimes  overlapping  and  other  times  with  divergent 
requirements. 

The  main  areas  of  applications  of  the  key  OE  components  are: 

■  Long-Distance, 
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■  Metro/Interoffice, 

■  Enterprise  and  Metro/Access, 

■  Local  Area  Network/Wide  Area  Network, 

■  Local  Access  Networks,  and 

■  Backplane/Building  Wiring. 

In  developing  a  roadmap  estimates  are  made  of  the  potential  market  volumes  of  the  components  in  these  various  network 
segments,  along  with  the  key  performance  parameters  and  price  targets  as  function  of  time.  It  is,  however,  exceedingly 
difficult  to  make  predictions  on  the  growth  of  the  market  volume  of  specific  optoelectronic  components.  Nevertheless,  using 
trend  curves,  latest  technology  developments  and  input  from  industry  sources  and  analysts,  a  roadmap  is  constructed  with  the 
proviso  that  the  predictions  must  be  updated  as  data  on  actual  equipment  deployments  and  network  applications  become 
available. 


The  1999  OIDA  Roadmap  Report  delineated  the  OE  components  that  require  major  industry  efforts  for  their  commercial 
realization.  The  following  is  a  sample  of  key  components  required  for  optical  networks  with  significant  near  term  (1  to  4 
years)  market  potential: 

■  Optical  Crossconnects 

■  Optical  Switches 

■  Optical  Add-Drop  Multiplexers 

*  Tunable  Lasers 

■  Optical  Amplifiers 

■  Optical  Transceivers 


An  overriding  requirement  of  these  products  is  the  simultaneous  improvement  in  performance  and  ongoing  cost  reduction. 
The  cost  of  components  on  the  other  hand  depends  on  the  volume  of  production.  It  is  difficult  to  build  high  volumes  when 
there  is  a  proliferation  of  products  for  a  given  function.  Optical  switching  for  instance  is  one  of  the  most  desired  functions  but 
there  are  at  least  nine  different  approaches  in  which  this  can  be  accomplished.  It  will  take  several  years  and  several 
generations  of  equipment  before  commonality  is  reached  and  standards  are  developed.  In  the  meantime  one  can  expect  a 
steady  increase  in  component  performance  with  ongoing  price  erosion  as  shown  in  the  next  OIDA  roadmap  chart.  Fig  6. 
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Figure  6.  OIDA  Communications  Roadmap  -  1999 


AH  this  activity  will  fuel  the  growth  of  the  optoelectronic  communications  market,  which  in  1997  has  already  reached  $  30 
billion  worldwide.  As  indicated  in  Fig  7  this  market  is  expected  to  double  by  2001  with  no  saturation  in  site  for  many  years  to 
come. 


1997  Communications  Market  $30. 


Figure  7.  Optoelectronic  Communications  Market 


4.  IMAGING 

Growth  in  the  market  value  of  the  imaging  industry  has  significantly  lagged  other  technology  sectors  of  the  economy  over  the 
last  five  years  as  evidenced  by  the  aggregate  stock  performance  of  imaging  companies  compared  to  the  performance  of  the 
S&P  500  index.  The  Salomon  Smith  Barney  Imaging  Composite  (SSIC),  a  weighted  index  of  50  imaging  companies,  widely 
used  to  track  industry  trends  was  up  only  12%,  versus  more  than  25%  for  the  S&P  500  index. 

The  SSIC  is  composed  of  5  sectors  with  Diversified  Imaging/Photo  and  Document  Processing  companies  representing  90% 
of  the  value  of  the  composite.  This  Sector  actually  declined  4%  last  year,  since  many  products  in  this  sector  are  “mature”  and 
experienced  rapid  price  declines  and  decelerating  volumes.  Companies  in  this  sector  are  looking  to  Advanced  Imaging 
Applications  as  key  growth  drivers  for  future  earnings. 


Imaging  companies  are  looking  to  Advanced  Imaging  Applications  as  key  growth  drivers 
for  future  earnings. _ 


Advanced  Imaging  refers  to  the  extension  of  conventional  imaging  products  such  as  photographic  film  and  cameras,  video, 
copiers  etc.  as  well  as  enabling  entirely  new  capabilities  through  the  application  of  digital  technology.  In  the  image  capture 
area  for  example,  electronic  still  cameras  are  replacing  instant  photography  for  scientific,  insurance  and  real  estate 
applications.  Last  year  in  Japan  digital  camcorders  outsold  both  8mm  and  VHS  analog  models.  Worldwide  digital 
camcorder  sales  totaled  over  $3B.  In  1998,  it  is  estimated  that  1.1  million  digital  cameras  were  sold  in  the  U.S.,  up  from 
740,000  the  prior  year.  Those  figures  should  expand  rapidly  as  PC  based  imaging  becomes  more  user  friendly  and  photo¬ 
realistic  digital  printers  are  able  to  interface  directly  to  digital  cameras. 

Also,  digitization  is  expected  to  provide  significant  growth  for  traditional  film-based  imaging  companies  and  photofmishers. 
Digitization  refers  to  high-resolution  scanning  and  digital  printing  of  film  images  and  photographs.  While  commercial  labs 
and  motion  picture  special  effects  houses  have  transitioned  to  a  digital  infrastructure  over  the  last  10  years,  minilabs  and 
wholesale  photofinishers  are  just  now  beginning  to  install  equipment  that  allows  in  line  digitization  of  film  with  minimal 
impact  on  workflow. 
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When  this  digital  infrastructure  is  in  place  and  broadband  internet  access  is  widely  available,  it  will  enable  a  wide  range  of 
internet  based  imaging  products  and  services.  Also,  new  partnerships  and  joint  ventures  between  film  companies,  internet 
companies  and  chip  manufacturers  are  expected  to  increase  growth.  Many  advanced  imaging  applications  will  be  enabled  by 
the  wide  spread  access  of  broadband  communication  to  the  internet,  greater  microprocessor  performance  and  highly 
integrated  optoelectronic  components. 


Once  optical  networks  enable  broadband  access  to  the  internet,  a  major  beneficiary  will  be 
imaging  with  many  opportunities  for  instant  transfer  of  still  and  motion  picture  images. 


While  the  potential  market  for  military  and  industrial  imaging  applications  at  $3  to  $5  billion  is  much  smaller  than  digital 
photo-finishing  and  networked  imaging  services  ($15  to  $20  billion),  the  technology  demands  will  be  an  important  driver  for 
advanced  imaging  capabilities.  Current  market  forecasts  are  based  on  extrapolations  and  are  probably  too  conservative. 


1997  Imaging  Market  $21. 
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Figure  8.  Optoelectronics  Imaging  Market 

Typical  areas  of  growth  in  imaging  will  benefit  from 

■  Digital  image  format 

■  Digital  signal  processing  with  a  great  latitude  of  manipulating  images 

■  Intelligent  image  capture/tracking 

■  Improved  image  sensor  technology  expanding  the  spectral  and  spatial  resolution  at  an  affordable  cost 

■  Miniaturization,  increasing  portability  and  lowering  power 

■  Fiber  to  the  home,  and 

*  Increased  Small  Office  -  Home  Office  use  of  imaging  equipment. 

Expanded  Vision  refers  to  the  ability  to  outperform  human  vision. 

Expanded  Vision  Characteristics  are: 

■  Wider  Field  of  View 

*  Broader  Spectral  Range  (Uncooled  detector) 

*  Increased  Spatial  Resolution 

■  Increased  depth  of  field 

These  attributes  are  achieved  by  using  advanced  image  sensors  and  by  electronically  processing  the  gathered  information, 
such  as  in  image  fusion.  In  the  future  images  acquired  from  multiple  detectors  will  be  combined  using  image  fusion 
algorithms  with  integrated  optoelectronics  hardware  systems  to  provide  enhanced  performance  over  a  much  broader  spectral 
range  than  products  are  currently  capable  of  delivering. 
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Night  Vision  Products 

Night  vision  products  have  a  long  history  dating  back  to  the  ‘60s.  Refined  military  applications  developed  in  the  last  two 
decades  leading  to  many  advanced  products. 

Currently  military  and  law  enforcement  applications  represent  the  largest  segment  of  the  night  vision  equipment  market.  In 
1998  the  market  size  for  this  segment  exceeded  $3B.  However,  in  the  2003  -2005  time  frame,  automotive,  surveillance  and 
home  security  applications  are  expected  to  approach  the  size  of  the  current  military  /law  enforcement  segment. 
Optoelectronic  products  are  estimated  to  be  roughly  1/3  the  total  market  size  for  these  applications. 

Miniaturization  in  Imaging  -  “The  Micro  Camera” 

Many  of  the  applications  for  micro  cameras  are  similar  to  those  identified  for  digital  cameras,  which  are  currently  enjoying 
double  digit  growth  in  the  marketplace.  The  acceptance  of  digital  cameras  as  solutions  for  advanced  imaging  applications 
has  been  paced  by  the  ability  of  the  technology  to  meet  market  needs  better  than  existing  technology  i.e.  traditional 
photography.  Micro  camera  characteristics  include: 

■  Significantly  Smaller  Size 

■  Higher  Spatial  Resolution  (In  Color!) 

■  Lower  Power 

Today,  micro  cameras  are  used  largely  by  law  enforcement,  military  and  private  security  agencies  for  surveillance  and  home 
security  applications.  In  total  these  represent  a  market  size  of  $lB/yr.  As  digital  cameras  become  a  common  peripheral  for 
desktop  and  notebook  PCs,  demand  for  micro  cameras  for  notebooks  PDAs  and  other  portable  appliances  will  drive 
significant  demand.  In  the  2003  -2005  time  frame,  these  applications  will  represent  the  largest  market  segment  followed  by 
surveillance  and  inspection  systems.  In  the  table  below,  the  optoelectronic  products  are  estimated  to  be  about  20%  of  the 
total  market. 

Intelligent  Image  Capture 

The  intelligent  image  capture  system  addresses  the  technology  associated  with  the  integration  of  a  complex  imaging  system 
capable  of  automatically  recognizing,  isolating  and  tracking  a  target  or  object  of  interest  in  a  scene  in  real  time.  Imaging 
applications  identified  for  intelligent  image  capture  also  drive  significant  demand  for  digital  image  processing  hardware  as 
system  complexity  increases.  The  required  image  processing  speeds  for  future  systems  might  outpace  Moore’s  Law. 


Although  many  of  the  key  enabling  technologies  for  Intelligent  Image  Capture  are  algorithm 
based,  the  integrated  systems  designed  for  most  applications  drive  significant  demand  for 
optoelectronic  components. 
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Market  Potential  for  Tracking  Systems 


Application 

Estimated  Total  Market  for 
Application  in  2003 

Estimated  Market  Size  for  OE 
Products 

Weapons/Guidance  Target 
Tracking 

$5B 

$1B 

Surveillance  /  Security 

$100M 

$20M 

Automotive 

SIB 

S200M 

Consumer  Web  Camera 


$500M 


$100M 


5.  OPTICAL  STORAGE 


Data  storage  is  an  area  where  the  optical  approach  competes  with  other  technologies,  such  as  magnetic  hard  disc,  magnetic 
tape,  semiconductor  memory,  etc. 

Optical  storage  offers  a  reliable  and  removable  storage  medium  with  excellent  archival  lifetime  at  a  low  cost.  Both  optical 
recording  and  readout  can  be  performed  with  a  head  positioned  relatively  far  from  the  storage  medium,  unlike  magnetic  hard 
drive  heads.  This  allows  the  medium  to  be  reliable  and  removable,  but  the  heavier  head  also  leads  to  slower  access  time 
compared  to  hard  disk  drives.  Consequently  optical  storage  is  limited  to  applications  requiring  reliability  and  removability, 
such  as  archival  storage,  software  distribution,  medical  imaging,  storing  digital  photographs,  etc. 

The  market  for  disc  storage  exceeded  $60  B/year  in  1996  with  a  small  fraction  attributed  to  optical  storage  as  shown  in  Fig  9 


Figure  9.  Worldwide  Storage  Market  -  1996 


With  the  rapid  expansion  of  the  Internet,  server-based  applications  will  emerge.  Electronic  commerce,  medical  imaging, 
libraries  and  corporate  networks  require  modest  access  time  (<10  ms)  but  very  large  storage  capacities  and  reasonable 
transfer  rates.  These  applications  might  give  a  further  boost  to  the  optical  disc  market.  Optical  disk  market  is  also  expected  to 
grow  for  computer  applications  with  the  new  DVD  format  gaining  market  share  as  shown  in  Fig  10 


Computer  Optical  Disk  Player  Revenues 


1997  1998  1999 

Year 

Figure  10.  Optical  Storage  for  Computers,  Source:  OITDA 
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It  should  be  noted  that  storage  technology  is  facing  the  same  cost  reduction  pressure  than  all  other  market  segments.  Similar 
to  the  charts  shown  for  communication,  storage  has  a  history  of  steady  improvement  in  performance  with  a  decline  in  unit 
price.  For  optical  storage  to  maintain  its  position  and  increase  its  market  share  it  must  outperform  competing  technologies  on 
both  counts. 


6.  FUTURE  TRENDS  IN  OPTOELECTRONICS 

Future  opportunities  in  optoelectronics  will  come  in  three  areas: 

■  Improvements  in  technology  -  new  breakthroughs 

■  Low  cost,  high  volume  manufacturing,  and 

■  Integration  with  other  technologies. 

The  first  two  items  require  no  explanation.  Integration  requires  the  vertical  integration  of  traditional  academic  disciplines.  It 
should  be  a  natural  extension  of  optoelectronics  which  itself  was  created  from  the  integration  of  optics  and  electronics.  Future 
opportunities  will  rise  from  the  integration  with  electronics,  electronic  processing  (including  software),  micromechanics,  etc 
as  depicted  in  Fig  1 1 


Optical  Storage 


Transceivers, 
Transponders,  etc.  % 


Displays 


Enhanced 

Imaging 


Optica! 

Amplifiers 


Digital  Camera 
Tunable  Lasers 


Optical  Switching 

MOEMs 


Figure  1 1.  OE  Centered  Technology  Integration 


These  are  exciting  times  to  be  in  optoelectronics.  Our  research  and  products  will  have  major  impact  in  many  application 
areas  from  communication  to  transportation,  medicine,  biotechnology,  electronic  commerce,  entertainment,  etc.  It  will  also 
support  the  leading  technologies  of  the  21st  Century,  Fig  12. 


Hybrid  Integration 


Illumination 


Figure  12.  Leading  Technologies  for  the  21st  Century 
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Oxide-Confined  Vertical-Cavity  Surface-Emitting  Lasers, 
Quantum  Dots,  and  the  Purcell  Effect:  Can  Scaling 
the  Mode  Size  Improve  Laser  Performance?  * 

D.G.  Deppe,  D.L.  Huffaker,  H.  Huang,  and  L.A.  Graham 
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ABSTRACT 

The  development  of  vertical-cavity  surface-emitting  lasers  (VCSELs)  has  led  to  new  types  of  low  power,  high  efficiency  light 
sources  for  data  communication.  The  small  size,  low  power,  and  surface-normal  emission  of  VCSELs  has  enabled  relatively 
dense  two-dimensional  arrays  for  highly  parallel  data  communication  and  optical  signal  processing.  In  this  paper  we  examine 
the  issues  of  device  scaling  on  VCSEL  performance.  We  look  specifically  at  what  benefits  may  be  derived  from  continued 
scaling  of  the  active  volume  down  to  minimum  sized  dimensions,  and  what  device  schemes  may  be  required  to  obtain  the 
scaling.  Laser  rate  equations  are  used  to  show  that  when  the  VCSEL  mode  volume  is  reduced  to  wavelength  cubed 
dimensions,  a  significant  improvement  in  modulation  speed  is  predicted  based  on  the  radiative  lifetime  change  due  to  the 
Purcell  effect.  However,  several  parasitic  effects  must  be  controlled  in  order  to  realize  these  benefits.  Most  important  are 
control  of  the  optical  loss  due  to  diffraction  or  scattering,  and  control  of  the  electronic  losses  due  to  carrier  diffusion  and 
surface  effects.  Novel  optical  confinement  schemes  based  on  oxide-apertures,  photonic  bandgaps,  and/or  closely  coupled  two- 
dimensional  arrays  may  be  useful  for  controlling  optical  loss,  while  self-assembled  quantum  dots  are  attractive  for  controlling 
electronic  diffusion  to  dimensions  within  the  minimum  optical  mode  volume. 

Keywords:  Semiconductor  lasers,  VCSELs,  microcavities,  cavity  design,  quantum  dots,  controlled  spontaneous  emission, 
high  speed  modulation. 


1.  INTRODUCTION 

Vertical-cavity  surface-emitting  lasers  (VCSELs)  have  emerged  as  one  of  the  most  important  semiconductor  lasers  for  low 
power  optical  interconnects.  1  Most  commercial  VCSELs  are  presently  based  on  proton  implantation  to  control  the  current 
injection  into  a  small  area  of  the  optical  cavity The  optical  mode  volume  is  then  defined  by  gain-guiding.  This  fabrication 
scheme  has  numerous  proven  advantages  for  manufacturing  VCSELs  including  photolithographic  patterning  of  the  active 
area,  planar  processing,  high  device  reliability,  and  high  yield.  On  the  other  hand,  in  many  ways  devices  based  on  gain- 
guiding  have  inferior  performance  to  index-confined  VCSELs,  especially  oxide-confined  VCSELs.^  For  gain-guided 
VCSELs,  diffraction  loss  from  the  optical  mode  limits  scaling  the  active  volume  to  very  small  sizes,  and  can  lead  to 
instabilities  in  the  VCSEL  threshold  and  operating  characteristics  due  to  thermally  induced  index-guiding.  Because  of  this 
there  is  a  wide-spread  industrial  research  effort  in  developing  commercial  VCSELs  based  on  oxide  confinement,  for  which 
these  thermal  effects  are  reduced  are  eliminated  by  the  built-in  index  guide  of  an  oxide-aperture.  As  compared  to  proton 
implanted  VCSELs,  oxide-confined  VCSELs  have  low  threshold  currents  and  lower  threshold  current  densities, higher 
wall-plug  efficiency,10"12  jugher  modulation  speed,*3.14  and  improved  mode  characteristics  for  both  multi-mode  and  single¬ 
mode  operation.  15,1 6  The  lower  power  operation  is  crucial  for  two-dimensional  arrays  for  reducing  thermal  cross-talk  and 
increasing  the  VCSEL  packing  density.  Oxide-confined  VCSELs  also  have  greatly  improved  scaling  behavior.  While  gain- 
guided  VCSELs  that  operate  at  0.85  pm  or  0.98  pm  begin  to  show  diffraction  loss  effects  when  the  optical  mode  is  reduced 
below  -10  pm  diameter,  oxide-confined  VCSELs  show  good  scaling  behavior  down  to  -3  pm  diameter.  The  improved 
scaling  behavior  is  due  to  control  of  the  diffraction  loss  by  the  oxide  aperture.  17,18 

In  this  paper  we  examine  the  impact  of  scaling  the  VCSEL  optical  mode  to  even  smaller  sizes  than  that  presently  achieved, 
ultimately  to  volumes  approaching  a  cubic  wavelength.  If  such  small  optical  modes  can  be  achieved  new  VCSEL 
characteristics  are  predicted,  especially  for  the  modulation  response.  Simply  scaling  the  active  volume  to  small  size  can 
greatly  reduce  the  lasing  threshold  current,  since  fewer  electronic  states  must  be  inverted  to  achieve  optical  gain.  This  may  be 
of  interest  for  realizing  extremely  low  threshold  VCSELs  for  new  ultralow  power  operations,  such  as  for  optical  interconnects 
for  dense  focal  plane  arrays.^  As  we  discuss  below,  though,  a  potentially  more  interesting  result  is  the  decreased  radiative 

♦Also  published  in  Proc.  ofSPIE  Vols.  3896,  3897,  and  3898 
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lifetime  that  results  due  to  the  Purcell  effect,  which  can  lead  to  high  speed  VCSEL  operation  even  for  bias  levels  at  or  below 
lasing  threshold.  High  speed  bias-free  operation  may  then  be  possible,  greatly  improving  VCSEL  array  performance  and 
further  reducing  power  consumption.  Although  the  maximum  power  from  such  a  small  optical  mode  is  reduced  over  today's 
commercial  VCSELs,  this  power  limitation  can  in  principle  be  eliminated  by  using  microarrays  of  Purcell  enhanced 
VCSELs. 

At  present  there  are  two  serious  device  constraints  that  prevent  the  scaling  of  VCSELs  to  small  optical  modes.  The  first  is 
optical  loss.  Depending  on  the  mode  confinement  scheme,  either  diffraction  or  scattering  loss  usually  accompanies  a 
reduction  in  the  optical  mode  size,  and  this  is  a  major  scaling  limitation  in  today’s  VCSELs.  In  principle  diffraction  or 
scattering  loss  may  be  eliminated  through  lateral  confinement  using  either  very  short  cavities  along  with  oxide  apertures  or 
photonic  bandgaps  for  lateral  confinement,  or  perhaps  more  simply  by  diffractively  coupling  the  elements  of  a  microarray. 
However,  if  optical  loss  is  not  controlled  the  gain  required  for  lasing  threshold  in  the  small  mode  volume  can  exceed  the 
maximum  available  from  the  active  material.  The  second  constraint  is  in  the  electronic  confinement.  Planar  quantum  well 
active  regions  can  lead  to  lateral  carrier  diffusion  lengths  of  several  microns  at  room  temperature,  while  electrons  and  holes 
must  effectively  be  confined  to  the  optical  mode  volume  in  order  to  realize  the  Purcell  effect.  Actually,  the  Purcell  effect  can 
reduce  the  diffusion  length  by  shortening  the  recombination  time,  but  it  would  be  more  effective  to  achieve  tight  lateral 
electronic  confinement  to  sub-micron  optical  mode  sizes.  This  can  be  obtained  using  quantum  dot  (QD)  light  emitters,  for 
which  lateral  electronic  confinement  is  "built-in"  due  to  the  self-organization  of  highly  strained  epitaxial  films.  The  recent 
advances  in  QD  lasers; 20-24  including  QD  VCSELs, 25-29  shows  that  this  approach  appears  viable.  Note  that  the  diffusion 
problem  is  not  of  such  a  concern  for  infrared  lasers,  for  which  the  optical  wavelengths  are  a  few  microns  within  the 
semiconductor  material. 

Below  we  discuss  the  Purcell  effect  in  oxide-confined  VCSELs  in  detail.  Experimental  results  on  QD  and  planar  quantum 
well  microcavity  light  emitters  and  lasers  aimed  at  characterizing  the  Purcell  effect  are  described.  Rate  equations  are  used  to 
predict  the  impact  of  the  Purcell  effect  on  VCSELs,  both  for  lasing  threshold  and  modulation  response. 

2.  PURCELL  EFFECT  IN  AN  APERTURED-MICROCAVITY 

It  is  well-known  that  an  emitter’s  spontaneous  emission  rate  is  controlled  by  the  volume  and  Q  (loss  rate)  of  the  optical 
modes  to  which  it’s  coupled.^W*  Recently  it  was  shown  that  the  spontaneous  lifetime  can  be  controlled  in  apertured- 
microcavities32-34  similar  to  those  used  for  very  low  threshold  VCSELs.  Although  Purcell's  original  arguments  were  brief 
and  based  on  an  ideal  single  mode  cavity ,30  the  VCSEL  cavity  typically  contains  many  optical  modes  that  exist  within  the 
emitters  optical  bandwidth.  However,  despite  the  existence  of  many  optical  modes,  aperture  confinement  (or  an  etched  pillar) 
can  lead  to  one  or  two  highly  confined  optical  modes  with  sufficient  Q  to  dominate  the  microcavity  emission  characteristics. 
This  is  illustrated  in  Fig.  1  for  a  VCSEL-type  cavity  based  on  distributed  Bragg  reflectors  (DBRs).  Each  high  index  layer  of 
the  microcavity  forms  waveguide  modes  propagating  in  the  plane  of  the  layer,  while  apertured  modes  also  exist  that  propagate 


Fig.  1  Schematic  illustration  of  an  oxide-apertured 
microcavity  based  on  QD  light  emitters  and  DBRs.  Resonant 
optical  modes  exist  due  to  the  high  index  layers  of  mirrors 
and  due  to  the  double  oxide  apertures.  However,  for  very 
small  apertures  the  combined  effects  of  Q  and  mode  volume 
can  lead  to  nearly  100%  of  the  spontaneous  emission  being 
coupled  into  the  aperture  modes.  (After  Ref.  [34]) 


back  and  forth  vertically  to  the  mirrors. 


When  QD  light  emitters  are  used  within  the  microcavity  their  coupling  to  the  electromagnetic  field  depend  on  their  positions 
within  the  cavity.  Those  QD  emitters  lying  within  die  oxide-aperture  interact  with  both  the  waveguide  modes  and  the 
apertured-modes,  while  those  QD  emitters  that  lie  outside  the  aperture  interact  with  only  the  waveguide  modes.  We  model  the 
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QD  light  emitters  as  two-level  systems.  When  only  spontaneous  emission  is  important  for  QD  level  decay,  the  total 
spontaneous  from  an  emitter  depends  on  the  summation  over  all  optical  modes  as  given  by 
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In  Eq.  (1),  N2  is  the  upper  level  population,  m  labels  each  cavity  mode,  q  is  the  electronic  charge,  (Od  is  the  resonant 
frequency  of  the  2-level  emitter,  (Om  is  the  resonant  frequency  of  mode  m,  V  is  the  normalization  volume  of  the  cavity,  d  is 

the  dipole  vector  strength,  Am(r^)  is  the  normalized  vector  strength  of  the  cavity  field  at  the  QD  position,  (°m  is  the 

2£?m 

photon  loss  rate  from  mode  m,  and  yd  is  the  QD  dephasing  rate.  The  vector  strength  of  the  cavity  field  is  normalized  such 
that  Jvd3re(r)|Am(r)|2  «  hf(2com),  where  £(r)  is  the  material  permittivity  at  r. 


The  collection  of  the  cavity  emission  can  be  restricted  to  the  apertured-modes  using  the  spectral  dependence  of  the  emission 
from  the  cavity.  These  apertured-modes  have  frequencies  that  increase  with  the  transverse  mode  number.  By  making  very 
small  apertures,  higher  order  transverse  modes  can  be  eliminated  from  the  bandwidth  of  the  QD  emitters,  so  that  only  the  two 
lowest  order  transverse  modes  collect  significant  emission.  The  spontaneous  photon  number  in  these  lower-order  modes 
satisfy  the  rate  equation 
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where  the  subscript  n  labels  each  emitter.  We  approximate  the  apertured-modes  as  Gaussian,  and  the  QD  emitters  as  having 
randomly  oriented  dipole  moments.  The  coupling  strength  for  these  modes  [Eqs.  (1)  or  (2)]  then  becomes 

.2  y2fte~(x"+y-)/w» 

|dn  •  A0(rn)|  = - ^ - »  with  a  mode  volume  given  by  V  -tvw0Lz  where  w0  is  the  mode  radius  and  Lz  is  an 
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effective  cavity  length.  It  has  previously  been  estimated  that  when  an  oxide-apertures  is  not  present,  80  to  90%  of  the 
spontaneous  emission  is  coupled  to  waveguide  modes  (see  Fig.  1),  and  this  emission  is  approximately  independent  of  the 
aperture.  In  terms  of  the  dipole  moment,  the  spontaneous  emission  rate  of  the  QD  embedded  in  bulk  material  is 
1  q2co^ni\d\2 

- -  — —  ri...  where  n  is  the  refractive  index  and  c  is  the  speed  of  light  in  vacuum.  This  means  that  for  frequencies 
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close  to  that  of  the  lowest  order  apertured-mode,  the  position  dependent  summation  over  emitter  positions  given  from  Eq.  (1) 
can  be  expressed  by 
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where  the  first  term  on  the  right  in  Eq.  (3)  reflects  the  fact  that  the  summation  over  the  waveguide  modes  leads  to  a 
spontaneous  emission  rate  nearly  independent  of  the  cavity,  and  the  second  term  is  due  to  the  Purcell  enhancement  by  the 
apertured  modes.  For  large  apertures  the  fraction  of  spontaneous  emission  actually  captured  by  the  apertured  modes  is 
negligible,  while  for  small  apertures  the  enhancement  into  the  apertured  modes  can  dominate  the  spontaneous  lifetime.  On 

(A?  /n3)0 

resonance  the  second  term  in  brackets  becomes  — x-=-  which  is  very  nearly  the  mathematical  form  of  the  enhancement 

nHnwX) 

described  by  Purcell  for  a  single  mode  cavity.^®  Aside  from  constant  factors,  the  cavity  field  intensity  decay  measured  at 
frequency  (On  after  a  short-pulse  excitation  is  given  by 
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The  QD  heterostructure  has  been  used  to  characterize  the  Purcell  effect  for  a  micron  sized  oxide-apertured  microcavity 
consisting  of  an  18  pair  GaAs/AlAs  DBR,  an  AlGaAs  A/2  cavity  spacer,  and  a  single  upper  A/4  GaAs  layer.  The  cavity 
spacer  is  Alo.97Gao.03 As  at  the  center  of  which  is  grown  a  single  Ino.50Gao.33Alo.17As  QD  active  region,  with  100  A 
GaAs  layers  and  135  A  grading  layers  immediately  adjacent  on  either  side.  The  apertured-microcavity  is  fabricated  by 
pattering  5  pm  squares  in  photoresist  and  reactive  ion  etching  to  a  depth  of  2900  A  to  form  mesas  exposing  both 
Alo.97Gao.03As  layers  of  the  cavity  spacer.  Lateral  oxidation^  is  performed  at  450  °C,  after  which  a  5  pair  ZnSe/MgF2 
DBR  is  deposited  to  complete  the  microcavity.  The  microcavity  is  measured  at  10  K,  for  which  the  QD  ground  state 
emission  wavelength  is  -9700  A  with  a  spectral  width  of  -600  A.  Time  resolved  measurements  are  performed  using  a  mode- 
locked  Ti-Sapphire  laser  beam  (pulse  rate  reduced  to  5  MHz)  focused  with  a  microscope  objective  to  a  5  pm  diameter  spot  on 
the  microcavity.  Photoluminescence  is  collected  through  the  same  objective  and  time  resolved  using  a  grating  spectrometer 
and  photon  counting  module  with  rise  and  fall  times  of  -300  ps.  The  InGaAlAs/GaAs  QDs  have  radiative  lifetimes  of  -2  ns 
and  are  conveniently  used  to  obtain  high  sensitivity  in  the  photodetection.  Larger  InGaAs/GaAs  QDs  that  emit  at  longer 
wavelengths  ranging  from  -1.2  to  -1.3  pm  at  room  temperature  show  shorter  radiative  lifetimes  ranging  from  -400  psec  to 
-800  psec.  The  longer  wavelengths  and  shorter  spontaneous  lifetimes  make  these  larger  QDs  of  interest  for  fast  VCSELs. 
The  longer  lifetimes  and  shorter  wavelengths  of  the  InGaALAs/GaAs  QDs  make  them  convenient  for  characterizing  the  cavity 
effects. 

Figure  2  shows  photoluminescence  decay  for  wavelengths  around  resonance  for  the  1  pm  diameter  apertured-microcavity. 
Curves  (a)  and  (c)  show  off-resonance  decays  taken  at  9800  and  9950  A,  while  curve  (b)  shows  the  on-resonance  decay  for  the 
lowest  order  mode  at  9860  A.  There  is  a  factor  of  -2.3  increase  in  the  emission  rate  at  9860  A  as  compared  to  off-resonance 
wavelengths.  The  fact  that  wavelengths  both  shorter  and  longer  than  resonance  show  similar  slower  decays  is  clearly  indicates 
that  the  increased  rate  at  resonance  is  due  to  the  microcavity.  Considering  the  first  2  ns  of  decay,  the  on-resonance  lifetime 
[curve  (b)  in  Fig.  1]  is  0.9  ns,  compared  with  the  off-resonance  lifetimes  of  2.2  ns  at  9950  A  and  1.9  ns  at  9800  A.  The  off- 
resonance  lifetimes  are  close  to  the  2.1  ns  lifetime  measured  for  the  epitaxial  sample  before  processing.  Therefore,  the 
spontaneous  emission  rate  is  increased  for  the  spatially  averaged  emitter  positions  by  a  factor  of  -2.3,  with  little  inhibition 
off-resonance.  Figure  3  shows  spontaneous  spectra  and  decay  rates  plotted  versus  wavelength  for  the  1  pm  apertured- 
microcavity.  The  inset  shows  the  emission  over  a  greater  wavelength  range.  The  longer  wavelength  spectral  peaks  at  9860  A 


Time  (ns) 

Fig.  2  Measured  decay  curves  for  a  1  pm  apertured  Fig*  3  Plot  of  measured  decay  rates  versus  wavelength  and 

microcavity  containing  QD  light  emitters.  Curve  (a)  for  9800  intensity  versus  wavelength  for  the  1  pm  apertured 

A  is  for  a  wavelength  shorter  than  resonance,  curve  (b)  for  microcavity, 

9860  A  is  for  a  wavelength  at  resonance,  and  curve  (c)  for 
9950  A  is  for  a  wavelength  longer  than  resonance. 


and  9730  A  correspond  to  apertured-microcavity  modes.  The  larger  emission  peaks  starting  at  9687  A  and  visible  to  9600  A 
are  due  to  emission  from  the  oxide  region  (blue-shifted  as  compared  to  apertured  modes)  within  the  5  pm  mesa  (see  Fig.  1). 
Figure  3  shows  that  the  spontaneous  decay  rate  is  enhanced  at  the  lowest  and  next  lowest  order  apertured-mode  wavelengths  of 
9860  A  and  9730  A.  The  spectral  separation  between  the  lowest  and  next  lowest  order  modes  depends  on  the  mode  area.  The 
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fixed  by  the  mirrors.  Bessel  function  modes  satisfy  the  cylindrical  symmetry  of  the  cavity,  so  that  we  take  £0  =  4.810  and 
=  7.664  for  Bessel  functions  of  the  first  kind.  From  Figs.  2  and  3,  ct)0=  1.912x10^  rad/s  and  col =  1.937x10^  rad/s,  and 

the  mode  diameter  is  estimated  to  be  w0=(cl  n)V(fi2  -Co)/(®i2  -G)o)  *  1.8  pm.  The  linewidth  of  the  lowest  order  mode 
under  continuous  wave  excitation  is  AA  =  15  A  which  gives  a  Q  =  XQ  /  AA  =  (0o  /( 2yc)  =650.  Measurements  to  date  suggest 

that  electronic  dephasing  rates  in  the  QDs  can  be  clO1 1  s’*,  and  we  assume  yd  <  —  is  satisfied. 

^3 


From  Eq.  (4)  we  can  also  calculate  the  mode  size  required  to  achieve  the  spontaneous  emission  enhancement  of  2.3  for  the  on- 
resonance  wavelength.  3  3°  2  =3.1  provides  a  good  match  with  the  experimental  data  in  Figs.  2  and  3.  Given  A0= 


irn 


0.986  pm,  Q=  650,  an  assumed  value  of  n=  2.95  for  the  refractive  index  of  the  cavity  spacer,  and  an  effective  cavity  length 
of  Lz =  0.75  pm,  the  estimated  mode  size  is  W0=  0.7  pm.  This  Gaussian  mode  diameter  of  2wo=lA  pm  is  in  rough 

agreement  with  the  1.8  pm  diameter  estimated  from  the  spectral  separation  of  the  transverse  modes  assuming  Bessel 
functions.  From  the  calculations,  the  spontaneous  emission  rate  enhancement  for  emitters  placed  at  the  center  of  the  optical 
mode  is  then  a  factor  of  3.1  compared  to  the  factor  of  2  for  the  emission  rate  averaged  over  emitter  positions.  This 
dependence  on  the  emitter  position  can  lead  to  spatial  hole  burning  of  the  QD  emitters  at  the  mode  center.  It  was  noted  in  the 
introduction  that  diffraction  loss  can  decrease  the  mode  Q  for  very  small  optical  modes.  For  the  experimental  data  of  Figs.  2 
and  3  we  expect  that  a  larger  enhancement  of  the  emission  rate  can  be  obtained  with  an  increased  Q,  but  only  slightly  higher 
Q's  have  been  achieved  in  similar  cavities  with  more  DBR  pairs. 


Although  the  scaling  behavior  of  selectively  oxidized  VCSELs  with  planar  quantum  well  active  regions  has  been  studied 
extensively  and  gives  some  information  on  the  cavity  loss  rate  for  small  apertures,  the  actual  optical  loss  dependence  on  mode 
size  can  be  difficult  to  extract  from  the  experiment.  Generally,  the  threshold  current  density  increases  as  the  oxide  aperture  is 
decreased  and  can  prevent  lasing  for  very  small  apertures.  However,  the  increase  in  threshold  current  density  is  not  only  due  to 
a  reduction  in  the  mode  Q,  electronic  losses  can  also  play  a  role.  Even  a  relatively  small  diffusion  coefficient  of  10  cm^/sec 
will  lead  to  a  diffusion  length  of  -1.7  pm.  Ideally,  if  optical  loss  does  not  increase  for  the  small  aperture  then  neither  should 
the  threshold  carrier  density.  On  the  other  hand,  the  entire  pumped  area  must  be  supplied  through  the  small  aperture,  so  that 
the  current  density  through  the  aperture  must  increase  to  maintain  the  same  carrier  density.  In  addition,  electronic  losses  often 
increase  under  and  around  the  oxide  aperture  due  to  nonradiative  recombination.  These  electronic  effects  due  to  diffusion  make 
it  difficult  to  clearly  separate  optical  losses  from  electronic  losses.  However,  a  general  trend  is  that  the  threshold  current 
density  is  not  so  dependent  on  the  aperture  size  as  it  is  on  the  optical  mode  size.  This  is  consistent  with  both  the  optical  loss 
and  electronic  losses  depending  on  the  optical  mode  size,  and  for  small  apertures  the  larger  optical  mode  both  decreases  the 
diffraction  loss  and  increases  the  optical  overlap  with  the  injected  carriers  that  suffer  diffusion. 


A  more  straightforward  way  to  directly  measure  the  optical  loss  dependence  due  to  aperture  and  mode  size  is  to  the  measure  the 
spontaneous  linewidth  dependence  on  the  optical  mode  size.  Care  must  also  be  taken  using  this  approach  to  avoid  stimulated 
emission  or  absorption  effects  that  narrow  or  broaden  the  "cold-cavity”  linewidth.  We  have  made  such  measurements  for 
oxide- apertured  VCSEL-type  cavities  that  contain  either  QD  or  planar  quantum  well  active  regions.  The  measured  results  are 
shown  in  Fig.  4.  The  number  of  upper  MgF/ZnSe  DBR  pairs  are  either  five  or  seven.  The  QD  cavities  are  undoped  and 
measured  in  photoluminescence,  while  the  cavities  containing  planar  quantum  wells  are  lightly  doped  and  excited  with  current 
injection.  An  interesting  trend  is  that  the  Q's  for  similar  type  cavities  depend  on  the  type  of  active  region  used.  This 
suggests  that  absorption  intrinsic  to  the  planar  quantum  well  active  region  may  in  fact  limit  the  Q  for  high  reflectivity.  In 
Fig.  4  the  measured  Qs  for  the  QD  cavity  with  seven  MgF/ZnSe  DBR  pairs  exceeds  5000  for  aperture  sizes  greater  than  4  pm 
diameter,  while  it  is  only  -2000  for  the  planar  quantum  well  active  region.  A  similar  reduction  from  -3000  to  -1200  is 
found  for  five  pairs.  For  each  of  the  cavity  types  the  Q  drops  significantly  for  aperture  sizes  smaller  than  3  pm  in  diameter. 
The  3  pm  diameter  is  also  the  size  for  which  VCSEL  threshold  current  densities  begin  to  sharply  rise  with  reducing  aperture 
size.  This  shows  that  diffraction  loss  must  indeed  be  considered  for  small  apertures,  but  also  shows  that  the  VCSEL  Q  may 
contain  subtleties  that  we  do  not  yet  understand. 
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Fig.  4  Plot  of  Q  versus  aperture  diameter  for  oxide-confined 
microcavities  containing  either  QD  or  planar  quantum  well 
light  emitters. 


3.  PURCELL  EFFECT  AND  VCSEL  CHARACTERISTICS 

There  has  been  a  great  deal  of  speculation  about  how  laser  thresholds  will  scale  when  the  optical  mode  size  is  reduced  due  to 
microcavity  confinement,  with  predictions  that  ’’zero-threshold"  lasing  will  be  obtained.  However,  the  basis  for  some  of  these 
predictions  are  that  the  light  versus  current  curve  from  the  source  can  ideally  be  linear  with  100%  slope  efficiency.  This  in 
itself  is  not  the  basis  for  a  laser.  A  perfect  "integrating  sphere"  would  presumably  give  100%  spontaneous  coupling 
efficiency  from  an  emitter  to  a  detector  coupled  through  an  emitting  port,  but  this  would  not  necessarily  constitute  a  zero- 
threshold  laser.  The  same  is  true  for  an  ideal  microcavity  that  can  provide  100%  spontaneous  coupling  efficiency  to  a 
detector,  but  with  a  Q  that  is  insufficient  to  obtain  lasing.  Under  extreme  conditions  the  oxide-apertured  microcavity  that  also 
uses  strong  QD  electronic  confinement  such  as  shown  in  Fig.  1  can  lead  to  nearly  100%  spontaneous  coupling  efficiency. 
However,  this  microcavity  emitter  may  not  be  a  laser  at  all. 

On  the  other  hand,  the  increase  in  the  spontaneous  emission  rate  due  to  an  oxide-apertured  VCSEL-type  cavity  with  a  small 
enough  volume  to  cause  the  Purcell  effect  can  greatly  improve  the  modulation  rate  of  either  a  microcavity  light  emitting  diode 
or  a  VCSEL.  An  interesting  modification  to  the  threshold  also  occurs,  but  the  threshold  current  density  is  actually  increased 
due  to  the  increase  in  the  spontaneous  emission  rate.  Still  the  threshold  current  for  very  small  optical  modes  and  ideal 
electronic  confinement  such  as  provided  by  QDs  can  be  very  low,  reaching  sub-microamps.  The  very  low  threshold  current  is 
due  to  the  small  transparency  current  of  the  QD  active  region,  while  the  optical  gain  can  exceed  that  of  a  planar  quantum  well 
if  inhomogeneous  broadening  is  eliminated.  The  homogeneous  linewidth  from  a  QD  emitter  is  measured  to  be  £100  peV  at 
cryogenic  temperatures,  and  is  predicted  to  be  -2  to  3  meV  or  less  at  room  temperature.  While  scaling  the  mode  size  has  been 
studied  for  VCSELs,  the  impact  on  laser  performance  of  changing  the  spontaneous  emission  rate  by  using  a  small  mode 
volume  has  not  yet  been  addressed.  One  reason  is  that  experimentally,  diffraction  loss  in  part  limits  performance  in  single 
element  VCSELs  and  is  in  itself  an  important  scaling  issue.  Another  reason  though  is  that  the  VCSEL  rate  equations  have 
not  been  put  in  a  form  that  accurately  accounts  for  the  spontaneous  lifetime  dependence  on  the  optical  mode  size. 

A  QD  VCSEL  microarray  can  be  used  to  obtain  milliwatt  output  powers  typical  of  today's  commercial  VCSELs.  Diffraction 
loss  may  also  then  be  controlled  through  inter-element  coupling.  Below  though  we  consider  that  the  optical  scattering  losses 
are  eliminated  through  strong  lateral  optical  confinement,  and  consider  the  emission  characteristics  of  a  single  element  From 

Fig.  1  we  assume  that  the  Gaussian  optical  mode  has  a  free  space  wavelength  XQ  =  1.3  pm,  an  effective  mode  area  of  tch^, 
an  effective  length  of  Lz,  and  a  photon  loss  rate  of  (00IQ .  To  maintain  resonance  Lz  must  depend  on  w0  with 

n2wl) ,  and  we  take  Lz(<»)=  0.59  pm  and  the  cavity’s  average  refractive  index  as  n=  3.3.  We 
hold  Q)0  /  Q~  2x10*  *  sec~*  to  isolate  the  effect  of  enhanced  emission  on  laser  performance. 

The  emitters  are  assumed  to  have  a  Gaussian  density  distribution  with  an  effective  area  7t WqD  and  a  peak  density  nQD= 
1.5x10*0  cm"2.  The  spontaneous  emission  rate  1  / is  that  which  would  occur  without  the  cavity  and  for  unity  state 
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occupation  by  electrons  and  holes.  1/1^=  2.5x10^  sec“*  is  consistent  with  the  radiative  lifetime  recently  measured  for  1.3 
pm  QDs.37  The  average  population  inversion  of  QD  states  is  given  by  2-/x  -1  with  the  upper  state  excitation  given  by  x, 

where  0  <  x  <  1 .  The  4x  dependence  assumes  equal  probabilities  of  electron  and  hole  occupation  in  the  QD  ground  state 
levels  with  random  capture.  We  consider  that  ideally  the  QD  emitters  will  be  homogeneously  broadened  with  a  linewidth  of 
2 yd  due  to  dephasing.  The  QD  VCSEL  will  likely  require  high  Q,  so  that  the  adiabatic  approximation  yd  »o0IQ  will 
be  valid.  For  this  case  the  QD  spontaneous  emission  rate  depends  on  the  mode  volume,  dipole  dephasing  rate,  and  QD 
position  within  the  mode,  but  not  on  the  mode  Q.  Averaging  over  the  emitter  positions  and  retaining  only  leading  terms 
gives  the  lasing  mode's  photon  number  rate  equation  as 

dn  _  T(o0  2nwQDwlnQD  Q2  /o  r  2 rcwgDwJnGZ)  Q2 

_  _  -1— - - — - — 5 — — (/V x  -  i)\n  + - 5 — ; — 5 — 77 


dt 


WqD  +  w0  Yd  Wqd  +  wo  Yd 


with  the  emitter  population  x  driven  by  a  current  source  —  given  as 
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Wqd  +  Wo 


Yd 


Wqd+W0 


Yd 


and 


n= 
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Sp,0 


■™2oLz 


(5) 


(6) 


(7) 


We  assume  that  the  elements  are  designed  so  that  WqD  =  The  two  spontaneous  emission  terms  in  Eq.  (7)  (in  parenthesis 
and  multiplying  x)  account  separately  for  emission  radiated  into  waveguide  modes  and  into  the  aperture,  just  as  above  in  Eq. 


(3).  A  modified  Purcell  effect  (with  Yd>>C0o^Q)  doubles  the  total  spontaneous  emission  rate  when  wQ  = 


(A,/n)  \(d n) 


2n  ^  ydL 


The  threshold  characteristics  and  the  modulation  response  are  calculated  for  a  range  of  values  of  the  mode  diameter  2wa  and 
two  different  values  of  .  We  assume  that  the  QD  emitters  are  limited  in  linewidth  only  by  homogeneous  broadening,  so 
that  the  spontaneous  full-width  at  half-maximum  energy  spread  is  2 tiyd  with  2 ftyd=  6.6  meV  or  2 tiyd=  1.3  meV.  Figure  5 
shows  the  calculated  thresholds  for  mode  diameters  ranging  from  5  pm  t  2 wB  1 0.6  pm,  and  for  the  two  different  values  of 
2 hyd.  Threshold  is  taken  as  the  pump  rate  needed  to  obtain  a  stimulated  emission  rate  equal  to  the  photon  loss  rate.  Curves 
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Fig.  5  Calculated  threshold  current  and  current  density  versus 
mode  size  for  the  QD  VCSEL.  The  threshold  currents  versus 
mode  diameter,  2 wot  are  shown  in  curve  (a)  for  A E  =  6.6  meV 
and  (b)  for  A£  =  1.3  meV,  and  the  current  density  versus  mode 
diameter  is  shown  in  curve  (c)  for  A E  =  6.6  meV,  and  (d)  for 
A£  =  1.3  meV.  The  other  laser  parameters  held  fixed  are 
(0o/Q  =  2xlOu  /sec,  x^0-  400  psec,  nGD=1.5xl010 
Icm?-,  X0  =  1,3  pm,  n  =  3.3,  Lz=  0.59  pm,  and 
WQD  /K2  +wqd)  =  0.5. 


(a)  and  (c)  are  the  threshold  current  and  current  density  for  2hyd  =  6.6  meV,  and  (b)  and  (d)  are  for  2hyd=  1.3  meV.  For 
modes  with  2w0  <  2  pm  the  threshold  current  density  increases  as  the  mode  size  decreases  due  to  the  increased  spontaneous 
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emission  rate.  For  our  parameter  values,  the  mode  sizes  for  which  2w0  = 


t 


(Vn)  l(c/n) 

/A 


are  0.7  pm  for  2 hyd=  6.6  meV, 


and  1.6  pm  for  2 hyd=  1.3  meV.  Curves  (c)  and  (d)  show  that  for  mode  diameters  2 wQ  >  1.5  pm  the  threshold  is  less  for 
2 hyd=  1.3  meV,  but  for  2 w0<  1.5  pm  the  threshold  is  less  for  the  larger  linewidth  of  2hyd=  6.6  meV.  The  transition 
occurs  because  the  current  density  required  for  a  fixed  population  inversion  increases  as  the  spontaneous  emission  rate 
increases.  Since  the  spontaneous  rate  enhancement  increases  as  the  spontaneous  linewidth  decreases,  the  threshold  for  a  given 
population  inversion  increases.  For  2 w0=  5  pm  the  calculated  threshold  current  densities  are  9.0  A/cm2  for  2hyd=  1-3  meV, 
(c),  and  4.7  A/cm2  for  2 fiyd-  1.3  meV,  (d).  These  are  close  to  the  experimental  values  for  1.3  pm  QD  edge-emitting 
lasers 


The  calculated  small  signal  modulation  responses  from  Eqs.  (5)  and  (6)  for  different  mode  diameters  at  a  bias  level  of  twice 
threshold  are  shown  in  Fig.  6.  The  response  curves  in  Fig.  3  are  for  2 wa  =  5  pm,  2  pm,  or  0.6  pm.  The  spontaneous 
linewidth  in  (a)  is  2 hyd=  6.6  meV,  and  in  (b)  it  is  2hyd=  1.3  meV.  Both  the  mode  volume  and  linewidth  impact  the 

VCSEL's  modulation  response  through  the  cavity  coupling  Q2  lyd.  As  2w0  is  reduced  the  relaxation  oscillation  peak  is 
reduced  in  amplitude  and  the  3  dB  bandwidth  increases.  Decreasing  the  spontaneous  linewidth  also  decreases  the  relaxation 
oscillation  amplitude  and  increases  the  3  dB  bandwidth. 

Calculated  bias-free  pulse  responses  are  shown  in  Fig.  7.  The  responses  are  for  current  pulses  of  unit  step  functions  500  psec 
long  with  amplitudes  of  either  the  steady-state  transparency  current  value  ( x  =  0.25)  or  twice  the  steady-state  threshold  value, 


Fig.  6  Calculated  small  signal  modulation  responses  for  three 
different  mode  sizes  of  2 w0  =  5.0  pm,  2.0  pm,  and  0.6  pm. 
(a)  shows  the  responses  for  A E  -  6.6  meV,  and  (b)  shows  the 
responses  for  A£  =  1.3  meV.  The  other  laser  parameters  are 
given  in  the  Fig.  2  caption. 


Fig.  7  Calculated  bias-free  responses  for  a  500  psec  long 
current  excitation  pulse  and  A£  =  1.3  meV,  with  the  current 
amplitude  equal  to  either  transparency  or  twice  the  threshold 
current,  (a)  shows  the  responses  for  2 w0  =  5.0  pm,  and  (b) 
shows  the  responses  for  2wa  =  0.6  pm.  The  other  laser 
parameters  are  given  in  the  Fig.  2  caption. 


19 


and  two  different  mode  sizes  with  2w0  equal  to  either  (a)  5  |im  or  (b)  0.6  pm.  The  spontaneous  linewidths  are  held  equal  at 
2hyd  =  1.3  meV  to  study  only  those  effects  due  to  mode  size  changes.  From  Fig.  7  (a)  and  (b)  we  see  that  for  current  pulses 
of  ~0.7xlth  (transparency)  the  smaller  mode  size  of  2w0  =  0.6  pm  greatly  improves  the  spontaneous  pulse  response,  even 
allowing  multi-gigabit  data  transmission.  For  current  pulses  of  twice  threshold  the  tum-on  delay  of  -250  psec  for  2 wa  =  5 
pm  in  (a)  is  reduced  to  -31  psec  for  2 w0  =  0.6  pm  in  (b).  It’s  clear  that  the  Purcell  effect  can  have  a  major  impact  on  the 
modulation  response  for  microcavity  QD  VCSELs,  especially  around  at  bias  levels  around  threshold. 

4.  SUMMARY 

Scaling  of  the  optical  mode  size  has  been  examined  for  VCSELs.  In  order  to  take  full  advantage  of  the  cavity  effects  strong 
lateral  confinement  must  be  achieved  for  both  photons  and  electrons.  The  strong  lateral  confinement  can  be  achieved  using 
etched-pillars  or  oxide-apertures,  but  scattering  and  diffraction  losses  must  be  controlled  to  obtain  high  Q  for  micron-sized 
optical  modes.  Quantum  dots  are  attractive  for  obtaining  electronic  confinement,  but  inhomogeneous  broadening  should  be 
eliminated  to  take  full  advantage  of  cavity  effects.  For  small  sized  QD  VCSELs,  the  Purcell  effect  can  greatly  improve  the 
modulation  characteristics,  perhaps  even  allowing  high  speed  bias-free  operation.  Similar  improvements  in  the  modulation 
speed  can  be  obtained  using  photonic  bandgap  cavities,  but  in  many  cases  the  microcavity  QD  VCSEL  can  be  a  direct 
replacement  for  today's  commercial  VCSELs. 
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ABSTRACT 

A  microscopic  many-body  theory  for  the  nonlinear  optical  response  of  semiconductors  is  reviewed.  The  importance 
of  Coulomb  interaction  induced  carrier  correlations  is  demonstrated  in  excitonic  pump-probe  spectra.  The  influence 
of  excitonic  and  biexcitonic  contributions  to  coherent  pump- induced  absorption  changes  at  the  exciton  frequency  are 
discussed.  Absorption  changes  induced  by  incoherent  exciton  and  unbound  electron-hole  populations  are  studied. 

Keywords:  optical  nonlinearities,  many-body  theory,  Coulomb  correlations,  excitonic  pump-probe 

1.  INTRODUCTION 

The  study  of  optical  nonlinearities  in  semiconductors  and  semiconductor  heterostructures  is  a  field  of  active  theoretical 
and  experimental  research.  Microscopic  theoretical  descriptions  of  optical  nonlinearities  in  semiconductors  generally 
have  to  deal  with  the  different  relevant  quasiparticles  and  their  interactions.  In  this  paper  we  mainly  focus  on  the 
important  influence  of  the  many-body  Coulomb  interaction  on  near-bandgap  optical  nonlinearities  in  semiconductors. 

One  subject  of  particular  interest  that  has  been  investigated  intensively  already  in  the  1980s  and  is  still  receiving 
considerable  attention  are  nonlinear  absorption  and  refractive  index  changes  induced  by  the  presence  an  electron- 
hole  plasma.  In  the  theoretical  description  of  such  nonlinearities  many-body  effects  were  included  microscopically 
on  a  non-perturbative  level.1  5  This  approach  gives  a  good  basic  understanding  of  the  weakening  (bleaching)  of 
excitonic  absorption  with  increasing  plasma  density,  the  appearance  of  optical  gain  (negative  absorption),  as  well 
as  the  corresponding  dispersive  nonlinearities  caused  by  the  presence  of  uncorrelated  electron-hole  pairs.  These 
nonlinear  population-induced  absorption  changes  can  be  attributed  to  the  effects  of  Pauli  blocking  (also  called 
phase-space  filling),  as  well  as  genuine  many-body  effects  such  as  band-gap  renormalization  (electronic  self  energies) 
and  screening  of  the  Coulomb  interaction  potential. 

Typically  in  optically  excited  semiconductors  the  quasi-particle  scattering  processes  which  govern  the  dephasing 
of  optical  excitations  can  be  characterized  by  typical  interaction  times  in  the  picosecond  to  sub-picosecond  range. 
Hence,  investigations  of  the  coherent  nonlinear  optical  response  of  semiconductors,  which  requires  laser  pulses  shorter 
than  the  dephasing  time,  became  generally  possible  only  after  the  development  of  femtosecond  laser  sources  in  the 
late  1980s. 

In  the  early  ultrafast  coherent  pump  and  probe  experiments  particular  attention  was  paid  to  the  dynamical 
optical  Stark  effect  of  excitons  in  semiconductors.6'8  To  investigate  this  Stark  effect,  a  strong  pump  pulse  is  tuned 
below  the  lowest  excitonic  transition  and  the  resulting  absorption  changes  are  monitored  by  a  weak  probe  pulse.5 
Analogous  to  atomic  systems  the  experiments  revealed  that  for  large  detuning  the  pump  pulse  leads  to  a  blueshift  of 
the  excitonic  resonance.6  8  In  a  two-band  semiconductor  model  and  for  relatively  large  detuning  below  the  exciton, 
the  experimentally  observed  blueshift  could  be  well  described  on  the  basis  of  the  semiconductor  Bloch  equations 
(SBE)  in  the  time-dependent  Hartree-Fock  (TDHF)  approximation4’5’9’10 

Generally,  the  THDF-SBE  are  surprisingly  successful  in  the  analysis  of  coherent  nonlinear  optical  effects  in  semi¬ 
conductors  and  semiconductor  nanostructures.  With  improved  sample  quality  and  experimental  techniques,  however, 
it  became  evident  that  many-body  Coulomb  correlations,  i.e.  many-body  effects  beyond  the  TDHF  approximation, 
can  lead  to  characteristic  signatures  in  semiconductor  nonlinearities  that  cannot  be  described  with  the  TDHF-SBE. 
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For  example,  the  relevance  of  such  correlations  was  clearly  shown  by  analyzing  the  dependence  of  the  measured  signa¬ 
tures  on  the  polarization  directions  of  the  incident  pulses.  Such  experiments  provided  evidence  for  excitation-induced 
dephasing  processes11  and  two-exciton  (biexciton)  contributions.12-16 

To  calculate  the  nonlinear  optical  response  of  semiconductors  including  two-exciton  resonances  it  is  necessary  to 
include  not  only  two-point  functions,  but  also  higher-order  correlation  functions  in  the  theoretical  description.  For 
arbitrary  excitation  conditions  this  would  mean  that  due  to  the  many-body  Coulomb  interaction  an  infinite  hierarchy 
of  equations  of  motion  has  to  be  solved.  One  way  to  restrict  this  hierarchy  to  a  finite  number  of  correlation  functions 
is  to  limit  the  theoretical  analysis  to  a  finite  order  in  the  optical  field.  Hence,  only  a  finite  number  of  interactions 
between  the  semiconductor  and  the  light  field  takes  place  and  thus  only  a  finite  number  of  electron-hole  pairs  is 
generated.17,18 

In  order  to  describe  four-wave  mixing  and  pump-probe  experiments  one  needs  to  consider  at  least  processes  up  to 
the  third-order  in  the  light  field  (x^)-  In  the  coherent  limit,  where  interaction  with  other  quasiparticles,  for  example 
phonons,  are  neglected,  it  is  sufficient  to  consider  just  two  quantities  (density  matrices).  These  two  are  the  single- 
exciton  amplitude  p  and  the  two-exciton  amplitude  £,  which  describes  the  evolution  of  two  interacting  electron-hole 
pairs.17,18  Nevertheless,  solutions  of  the  full  coherent  x^-equations  are  computationally  quite  demanding  since 
effectively  a  quantum  mechanical  four-body  problem  has  to  be  solved.  Thus,  one  often  restricts  the  numerical 
analysis  to  one-dimensional  model  systems,19-22  where  however  the  parameters  are  chosen  to  represent  realistic 
quantum- well  configurations.  Fully  two-dimensional  calculations  are  possible,15  however,  they  require  rather  involved 
computational  analysis  and  cannot  conveniently  be  used  for  extended  model  studies  in  which  dependencies  of  the 
results  on  large  numbers  of  system  parameters  are  investigated.  In  the  coherent  x^ -limit  for  excitation  at  and  below 
the  exciton  resonance,  the  one-  and  two-dimensional  results  predict  qualitatively  similar  absorption  changes  at  the 
exciton  which  are  in  good  agreement  with  experiments.15 

Beyond  the  coherent  limit  additional  occupation-type  dynamical  variables  need  to  be  considered.  Up  to  third- 
order  one  then  has  to  deal  with  four  relevant  variables,  i.e.  besides  the  coherences  p  and  B  also  the  pair  occupation 
N  and  the  exciton  to  two-exciton  transition  Z  contribute.19  Since  Z  is  a  six  point  function,  solutions  of  the  coupled 
equations  for  these  four  density  matrices  are  numerically  even  more  demanding,  such  that  up  to  now  only  few 
such  calculations  have  been  reported.  In  Ref.  20  it  has  been  shown  that  in  the  presence  of  low-density  incoherent 
occupations  N  also  the  six  point  function  Z  is  significant  in  order  to  describe  exciton  bleaching  and  to  account  for 
transitions  from  incoherent  single-  to  two-exciton  states. 

In  this  paper  we  review  some  of  our  recent  results  made  towards  the  understanding  of  nonlinear  optical  processes  in 
semiconductors  including  many-body  correlations,  see  Refs.  15  and  20-24.  After  a  brief  description  of  the  theoretical 
approach  in  Section  2,  we  focus  on  the  discussion  of  numerical  results  on  excitonic  absorption  changes  in  different 
situations.  Resonant  and  off-resonant  excitation  are  discussed  in  Sections  3  and  4,  respectively.  In  both  cases  we 
find  distinct  signatures  induced  by  many-body  correlations.  In  Section  5  absorption  changes  induced  by  incoherent 
populations  are  analyzed  and  a  brief  summary  is  presented  in  Section  6. 

2.  THEORY 

To  theoretically  model  correlation  effects  relevant  in  coherent  two  pulse  experiments  such  as  pump-probe  and  four- 
wave  mixing  spectroscopy,  see  Fig.  1(a),  we  compute  the  nonlinear  optical  response  in  the  coherent  x^“lhnit. 14,17,18 
This  is  done  by  numerically  solving  the  relevant  equations  of  motion  for  the  single-exciton  amplitude  p  and  the 
correlated  part  of  the  two-exciton  amplitude  B ,  see  Ref.  21.  Omitting  the  various  sums  and  indices  the  basic 
structure  of  the  equations  of  motion  is  given  by 

=  i  [ljpp  +  pE(l  -  2p*p)  +  Vp'pp  +  Vp’B]  ,  (1) 

jtB  =  i  [wbB  +  Vpp] .  (2) 

Here,  and  ojb  are  energies  of  a  single-  and  a  two-exciton  state,  respectively,  p  is  the  transition  dipole,  E  the 
external  laser  field,  and  V  the  Coulomb  interaction  potential.  In  Refs.  15  and  21  we  have  numerically  solved  the 
microscopic  versions  of  Eqs.  (1)  and  (2),  both  for  a  fully  two-dimensional  model  of  the  quantum- well  structure25  and 
for  a  simplified,  quasi  one-dimensional  system.  As  shown  in  Ref.  15  the  spectra  obtained  for  both  models  axe  in  good 
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qualitative  agreement  and  explain  correlation-induced  signatures  in  the  experimental  differential  absorption  of  high 
quality  quantum  wells. 

Within  our  model  we  include  the  two  spin-degenerate  electron  and  heavy-hole  bands  using  the  circularly-polarized 
dipole  matrix  elements  describing  the  optical  interband  transitions.13’16  Besides  the  heavy  holes  also  light-hole 
transitions  can  be  incorporated.23  The  monop ole-monopole  Coulomb  interactions  between  particles  at  sites  i  and 
j  are  given  by  Vij.  In  our  one-dimensional  model,15,21  the  spatial  variation  is  given  by  a  regularized  potential: 
Vij  =  Uod/(\i  -  j\d  -f  a0),  where  d  is  the  distance  between  the  sites  and  U0  and  a0  are  parameters  characterizing 
the  strength  of  the  interaction  and  the  spatial  variation  taken  as  Uq  —  8 meV  and  a^jd  =  0.5,  respectively.  In 
our  numerical  study  we  use  a  tight-binding  model  with  electron  and  heavy-hole  couplings  of  Je  =  SmeV  and 
Jhh  =  0.8roeV  between  neighboring  sites.  These  system  parameters  result  in  an  exciton  binding  energy  of  &meV 
and  a  biexciton  binding  energy  of  1.4meV\15 

The  theory  allows  us  to  identify  three  types  of  optical  nonlinearities.15’21  The  total  differential  absorption  signal 
is  the  sum  of  a  Pauli-blocking  term  (oc  pEp*p  in  Eq.  (1))  and  Coulomb-induced  many-body  nonlineaTities ,  which  can 
further  be  separated  into  a  first-order  term  (oc  Vp*pp  in  Eq.  (1))  and  higher-order  correlations  (oc  Vp*B  in  Eq.  (1)), 
see  Refs.  15  and  21.  Thus  the  total  differential  absorption  6a  can  be  written  as  the  sum  of  three  contributions15’21 


<5a(u;)  -  tfap6(a;)  +  6aci,ist(u)  +  6aCi,Corr(u) , 


(3) 


where  pb  denotes  the  optical  nonlinearity  induced  by  Pauli-blocking.  The  terms  denoted  with  Cl  are  Coulomb- 
interaction-induced  nonlinearities.  CJ,  1st  is  the  first-order  (Hartree-Fock)  term,  and  CI,corr  the  higher-order 
correlation  contribution.  The  lineshape  is  different  for  each  of  the  three  terms  in  Eq.  (3)  which  therefore  introduce 
distinct  signatures  in  the  differential  absorption  spectra.15,21 

Besides  the  coherent  response,  we  also  analyze  the  importance  of  Coulomb  correlations  in  situations  where 
incoherent  occupations  are  present.^  We  focus  on  the  fully  incoherent  situation  and  analyze  absorption  changes 
induced  by  incoherent  occupations  N.  Omitting  the  various  sums  and  indices,  which  can  be  found  in  Ref.  20,  the 
basic  structure  of  the  equations  relevant  in  this  case  is  given  by 


Q-t V  =  i  [wPP  +  /x£(  1  -  2 N)  +  VpN  +  VZ } , 
tt-Z  =  i  [(u/£  -  up)Z  4-  VpN] . 


(4) 

(5) 


As  before,  we  can  also  here  distinguish  between  the  different  types  of  optical  nonlinearities.  Therefore  the 
absorption  changes  induced  by  incoherent  occupations  N  are  given  by  the  sum  of  a  Pauli-blocking  term  (a  pEN  in 
Eq.  (4))^  and  Coulomb-induced  many-body  nonlinearities ,  which  can  again  further  be  separated  into  a  first-order  term 
(a  VpN in  Eq.  (4))  and  higher-order  correlations  (oc  VZ  in  Eq.  (4)),  see  Ref.  20.  This  allows  us  to  write  the  total 
differential  absorption  <5a  as  the  sum  over  the  three  contributions  as  given  by  Eq.  (3). 


3.  RESONANT  EXCITATION 

The  differential  absorption  spectrum  for  resonant  excitation  at  the  exciton  resonance  with  co-circularly  polarized 
pump  and  probe  pulses  (cr+cr+)  with  a  time  delay  of  r  =  2 ps  is  shown  in  Fig.  1(b).  The  differential  absorption 
Jq(o;)  is  strictly  negative  in  the  vicinity  of  the  exciton  resonance  corresponding  to  a  pump-pulse-induced  bleaching 
of  the  exciton  resonance.  Positive  contributions  to  <5a(u;)  appearing  well  above  the  exciton  are  related  to  excited 
state  absorption  induced  by  exciting  unbound  two-exciton  states.  Besides  the  total  signal,  Fig.  1(b)  also  displays  the 
three  optical  nonlinearities  according  to  Eq.  (3)  separately.  It  is  shown  that  6apb  is  weak  and  corresponds  purely 
to  a  bleaching  of  the  exciton  resonance.  6aci,ist  is  very  strong  and  is  antisymmetric  around  the  exciton  resonance. 
The  dispersive  shape  of  the  differential  absorption  corresponds  to  a  blueshift  of  the  exciton.  5aCi,corr  is  also  mainly 
dispersive  around  the  exciton  resonance,  but  with  opposite  sign  compared  to  5aci,ist ,  i.e.  this  term  yields  a  redshift. 
Besides  contributions  with  resonances  at  the  exciton  energy,  Saci,Corr  also  includes  terms  having  resonances  at  the 
transition  energies  to  unbound  two-exciton  states.  Therefore  it  is  not  completely  antisymmetric  around  the  exciton 
resonance.  Including  all  three  contributions  to  obtain  the  total  signal  via  Eq.  (3),  strong  cancellations  occur  between 
fiaci,ist  and  6aci,corr  and  the  resulting  differential  absorption  shows  a  predominantly  absorptive  spectral  shape 
around  the  exciton  resonance.  It  can  be  inferred  from  Fig.  1(b)  that  the  bleaching  at  the  exciton  resonance  is 
dominated  by  Coulomb-induced  nonlinearities  Saciyist  +  5&ci,corr  and  only  weakly  enhanced  by  5apt,. 
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Figure  1.  (a)  Schematical  illustration  of  nonlinear  optical  four- wave  mixing  and  pump-probe  experiments  performed 
by  excitation  with  two  optical  laser  pulses  having  a  time  delay  t.  (b)  Total  differential  absorption  spectrum  <5a(u;) 
for  resonant  excitation  at  the  exciton  resonance  and  a  time  delay  of  r  =  2 ps  for  co-circularly  polarized  pump  (cr+) 
and  probe  (cr+)  pulses.  Also  displayed  in  the  lower  part  are  Sapb  (solid),  5aci,ist  (dashed),  and  Saci.corr  (dotted). 
The  zero  of  the  energy  scale  is  chosen  to  coincide  with  the  ls-exciton  resonance.  The  pump  pulse  has  a  duration  of 
1.18p$  (full  width  at  half  maximum  of  pulse  intensity).  For  further  parameters  see  text. 


Differential  absorption  spectra  for  time  delays  of  r  =  2 ps,  Ops,  and  —2 ps  are  displayed  in  Fig.  2  for  both  co- 
circularly  (a+cr+)  and  opposite-circularly  (a+a_)  polarized  pump  and  probe  pulses.  As  is  shown  in  Ref.  21,  for 
excitation  similar  compensations  among  the  Coulombic  nonlinearities  as  displayed  in  Fig.  1(b)  arise  for  all 
time  delays.  Within  the  coherent  limit  the  signal  amplitude  is  strongest  for  small  delays  and  decreases  with  both 
increasing  positive  and  negative  delay,  see  Fig.  2.  Apart  from  the  change  in  strength,  for  cr+<7+  excitation  the 
lineshapes  are  very  similar  for  0  and  2ps  delay.  The  main  visible  difference  between  these  two  cases  is  that  for 
r  =  Ops  there  is  weak  induced  absorption  appearing  energetically  below  the  exciton.  This  feature  is  reminiscent  of 
the  coherent  spectral  oscillations,4  which  dominate  the  spectra  for  negative  delays,  see  dotted  line  in  Fig.  2(a)  for 
r  =  -2ps.  For  negative  time  delays  the  probe  arrives  before  the  pump  pulse.  With  calculations  performed  in  the 
limit  of  ultrashort  pulses  is  can  be  shown  that  in  this  case  the  differential  polarization  6P{uj,t)  which  determines 
the  absorption  changes  is  multiplied  by  the  phase  factor  exp (i(ujp  —  o;)r),  where  up  is  the  exciton  frequency.  Since 
the  differential  absorption  5a(a;,r)  is  determined  by  the  imaginary  part  of  6P{uj,t)  the  phase  factor  introduces 
sin((u;p  —  c j)t)/(cjp  —  o;)-like  spectral  oscillations  of  6a(cj,r)  around  cjp.4,21 

If  only  heavy-hole  transitions  are  important,  a+a~  polarized  excitation  makes  it  possible  to  analyze  pure  correla¬ 
tions  effects.15,21,23  This  is  due  to  the  fact,  that  for  this  geometry  SaPb  vanishes,  and  also  Saci,ut  vanishes  as  long 
as  the  system  is  homogeneous,  since  neither  of  these  contributions  introduces  any  coupling  between  the  subspaces 
of  different  spin  states.21,22  Differential  absorption  spectra  for  r  =  2 ps,  Ops,  and  —2 ps  and  a+a~  excitation  are 
displayed  in  Fig.  2(b).  For  zero  and  positive  time  delays  also  in  this  configuration  the  spectra  show  bleaching  at 
and  some  excited  state  absorption  above  the  exciton  resonance.  Since  with  opposite-circularly  polarized  pump  and 
probe  pulses  also  a  bound  biexciton  is  excited,  we  see  in  Fig.  2(b)  additional  strong  induced  absorption  below  the 
exciton  resonance.  The  energetic  difference  between  the  maximum  of  this  induced  absorption  and  the  bleaching  is 
just  the  biexciton  binding  energy.  For  negative  delays  also  in  this  polarization  configuration  which  is  entirely  induced 
by  Coulombic  correlations  the  spectra  are  characterized  by  coherent  spectral  oscillations.21  The  presence  of  the 
oscillations  in  the  correlation  terms  is  in  agreement  with  simplified  analytical  calculations  presented  in  Ref.  21. 
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Figure  2.  Total  differential  absorption  spectra  Ja(o;)  for  resonant  excitation  at  the  exciton  resonance  and  a  time 
delay  of  r  =  2 ps  (solid),  Ops  (dashed),  and  -2ps  (dotted),  (a)  for  co-circularly  polarized  (cT+a+)  and  (b)  for 
opposite-circularly  polarized  (<r+cr~)  pump  and  probe  pulses. 

4.  OFF-RESONANT  EXCITATION 

Here  we  investigate  the  influence  of  correlations  on  the  excitonic  optical  Stark  effect  by  tuning  the  pump  pulse  below 
the  exciton  resonance.  Fig.  3  shows  the  resulting  differential  absorption  spectra  for  co-circularly  polarized  excitation 
and  various  detunings  of  the  central  pump-pulse  frequency  below  the  exciton  energy.  The  higher  detunings  (5meV 
and  l.bmeV)  exceed  both  the  spectral  width  of  the  pump  pulse  and  the  homogeneous  width  of  the  exciton  resonance. 
The  solid  line  gives  the  full  (5a,  whereas  the  dashed  line  gives  the  result  within  TDHF  where  correlations  are  neglected, 
i.e.  SanF  =  <5ap&  4-  6aci,ist>  With  increasing  detuning  the  amplitude  of  the  signal  decreases  and  the  bleaching  at 
the  exciton  resonance  develops  into  a  dispersive  shape  corresponding  to  a  blue-shift.4,21  Fig.  3  directly  shows  that 
the  importance  of  the  carrier  correlations  diminishes  rapidly  with  increasing  detuning.  We  thus  conclude  that  the 
time-dependent  Hartree-Fock  approximation  provides  a  good  description  for  this  polarization  configuration  as  long 
as  off-resonant  excitation  is  considered. 

An  interesting  effect  induced  by  the  dynamics  of  Coulomb  correlations  is  found  by  analyzing  for  a  fixed  detuning 
the  polarization-dependence  of  the  Stark  effect.  We  choose  the  detuning  of  the  pump  pulse  as  4.5  meV  below  the 
exciton  resonance  and  investigate  the  absorption  changes  for  the  various  polarization  configurations.  Fig.  4(a)-(d) 
displays  the  theoretical  results  for  <r+cr+,  xx,  xy,  and  a+cr~  excitation.  Whereas  for  the  three  cases  (a),  (b),  and  (c) 
the  differential  absorption  corresponds  to  a  blueshift,  for  a+a~  clearly  a  redshift  appears.  Since  for  a+cr”  excitation 
both  the  Pauli  blocking  and  the  first-order  Coulomb-induced  nonlinearities,  i.e.  the  Hartree-Fock  contribution,  vanish 
identically,  the  redshift  of  the  differential  absorption  is  purely  induced  by  Coulomb  correlations.15 

The  physical  origin  of  the  redshift  can  be  analyzed  in  more  detail  by  looking  at  the  individual  contributions  to 
the  signal,  as  displayed  on  the  right  panels  in  Fig.  4.  For  <r+(7+,  xx,  and  xy  polarization  both  the  Pauli  blocking 
and  the  first-order  Coulomb  terms  always  induce  a  blueshift,  whereas  the  Coulomb  correlations  always  correspond 
to  a  redshift,  see  Fig.  4(a)-(c).  The  fact  that  also  for  er+a+  excitation,  where  no  bound  biexcitons  are  excited,  the 
correlation  term  alone  corresponds  to  a  redshift  indicates  that  the  correlation-induced  reversal  of  the  direction  of 
the  shift  is  not  directly  related  to  the  existence  of  a  bound  biexciton.  For  cr+a+y  xx,  and  xy  polarization,  however, 
the  influence  of  correlations  is  rather  small  and  its  redshift  is  always  overcompensated  by  the  Pauli  blocking  and  the 
first-order  Coulomb  terms  resulting  in  a  net  blueshift.15 

To  substantiate  the  claim  that  the  existence  of  a  bound  biexciton  is  not  necessary  to  obtain  a  correlation-induced 
redshift,  we  have  performed  additional  calculations  of  the  differential  absorption  spectra  for  a+a~  configuration.  As 
discussed  in  Ref.  15,  the  bound  biexciton  contribution  ha s  been  eliminated  by  artificially  dropping  the  six  terms 
containing  the  attractive  and  repulsive  Coulomb  terms  between  the  two  electrons  and  two  holes  appearing  in  the 
homogeneous  part  of  the  equation  of  motion  for  the  two-exciton  amplitude  B.  In  this  case,  also  for  a+a~  excitation 
no  bound  biexcitons  exist.  The  approximation  of  neglecting  the  Coulomb  terms  that  lead  to  the  formation  of  bound 
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Figure  3.  Differential  absorption  spectra  for  various  detunings  of  the  pump  pulse  below  the  exciton  resonance  with 
co-circularly  polarized  pump  and  probe  pulses  for  time  delay  r  =  Ops.  The  central  frequency  of  the  pump  pulse  is 
chosen  (a)  1  meV,  (b)  3 meV,  (c)  5 meV,  and  (d)  7.5meV  below  the  energy  of  the  ls-exciton.  The  solid  line  gives 
the  full  Sa:  and  the  dashed  line  the  result  of  a  Hartree-Fock  calculation  (<5ap*>  +  neglecting  correlations 

{Saci  ,corr)  * 

two-exciton  states  is  identical  to  the  second  Born-approximation  (SB A),  since  only  terms  up  to  second-order  in  the 
Coulomb  interaction  are  retained  in  the  signal.25,26  By  solving  a  dynamic  equation  for  B ,  Coulomb  memory  effects 
are  still  included  on  this  level.15  The  resulting  spectrum  displayed  in  Ref.  15  shows  that  in  the  SBA  the  signal 
amplitude  is  somewhat  reduced,  however,  the  redshift  clearly  persists.  Further  calculations  performed  for  the  SBA 
in  Markov  approximation  did  not  reproduce  the  redshift.  This  allows  us  to  conclude  that  it  is  clearly  the  dynamics  of 
Coulomb  correlations  that  is  responsible  for  the  presence  of  a  redshift.15  Our  numerical  results  on  the  polarization- 
dependence  of  the  optical  Stark  effect  are  in  good  agreement  with  experiments  performed  on  high-quality  InGaAs 
quantum  wells  with  spectrally  very  narrow  exciton  linewidth,  see  Ref.  15. 

In  order  to  show  that  the  redshift  depends  crucially  on  the  energetic  separation  between  heavy-  and  light- 
hole  excitons  and  on  the  detiming  we  now  extend  our  model  to  to  include  both  types  of  valence  bands  using  the 
typical  selection  rules  and  the  three  to  one  ratio  of  the  oscillator  strengths.23  The  in-plane  dispersion  of  the 
valence  band  structure  in  quantum  wells  is  modeled  by  considering  heavy-  and  light-hole  masses  according  to  the 
Luttinger-Hamiltonian.  For  GaAs  parameters  we  get  =  rao/(7i  +  72)  =  0.112mo  and  =  mo/(7i  —  72)  = 
0.21  Ituq.  Further  band-mixing  effects  are  neglected  here  for  simplicity.  For  the  conduction  band  electrons  we 
use  me  =  0.0665mo  and  take  the  same  coupling  of  Je  =  SmeV  as  used  above.  The  valence  band  masses  then 
enter  into  the  model  by  taking  the  nearest-neighbor  coupling  to  be  inversely  proportional  to  the  mass,  which  yields 
Jhh  =  JeJYie f Tfihh  —  4.75 meV  and  Jih  =  Je^e/^ih  =  2.52meV.  The  site  energies  for  the  light-holes  are  chosen 
relative  to  the  heavy-holes  to  have  an  adjustable  splitting  between  the  heavy-  and  light-hole  excitons.  Within  our 
model  the  heavy-  and  light-hole  transitions  are  coupled  by  sharing  a  common  electronic  state  and  via  the  Coulomb 
coupling. 

Fig.  5  shows  calculated  differential  absorption  spectra  for  co-circularly  and  opposite-circularly  excitation  for 
various  splittings  between  the  heavy-and  light-holes  excitons  (a)  and  (b),  as  well  as  for  various  detunings  (c)  and  (d). 
Considering  a  detuning  of  4 .5meV  below  the  Is  heavy-hole  exciton  and  a  splitting  of  15 meV  between  the  heavy-  and 
light-hole  excitons  (which  is  the  splitting  present  in  the  InGaAs  quantum  well  sample  investigated  in  Ref.  15)  we 
reproduce  the  blueshift  for  and  the  redshift  for  cr+cr~  excitation,  see  Fig.  5(a)  and  (b).  For  reduced  heavy-light 

splitting  the  blueshift  for  a+cr+  excitation  remains  unchanged.  However,  for  a+cr~  excitation  the  amplitude  of  the 
redshift  strongly  decreases  with  decreasing  splitting.  For  a  splitting  of  ImeV  and  less  the  redshift  even  changes 
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Figure  4.  Differential  absorption  spectra  for  excitation  4.5 me V  below  the  exciton  and  time  delay  r  =  Ops .  (a) 
Co-circularly  (a+a+),  (b)  linear  parallel  (xx),  (c)  linear  perpendicular  (xy),  and  (d)  opposite-circularly  (<7+cr~) 
polarized  pump  and  probe  pulses  .  The  left  panels  show  the  full  results,  whereas  the  right  panels  show  the  three 
contributions  to  the  signal:  Pauli  blocking  (solid),  first-order  Coulomb  (dashed),  and  Coulomb  correlations  (dotted). 


into  a  blueshift.  We  thus  conclude  that  the  redshift  should  be  well  pronounced  only  in  samples  with  a  significant 
heavy-light  splitting.  For  small  splittings  the  coupling  between  heavy-  and  light-hole  excitons  leads  to  a  blueshift 
which  overcompensates  the  correlation-induced  redshift  of  the  heavy-hole  exciton  alone. 

For  a  fixed  heavy-light  splitting  taken  as  15 meV  in  Fig.  5(c)  and  (d)  the  differential  absorption  spectra  depend 
strongly  on  the  detuning.  For  co-circularly  excitation  the  blueshift  present  for  a  detuning  of  4.5meV  survives  also  for 
larger  detunings  and  is  only  reduced  in  amplitude  with  increased  detuning.  For  opposite-circular  excitation,  however, 
besides  a  strong  reduction  in  amplitude  also  the  direction  of  the  shift  changes  with  increasing  detuning.  For  very 
large  detuning  we  again  obtain  a  switch  over  from  red-  to  blueshift.  The  reason  for  this  behavior  is  that  for  very 
large  detuning,  heavy-  and  light-hole  excitons  are  both  off-resonant  and  we  enter  the  regime  of  complete  adiabatic 
following  where  the  frequency  dependent  optical  response  decays  only  weakly  with  increasing  resonance  frequency.27 
Thus  with  increasing  detuning  the  relative  weight  of  the  light-hole  exciton  increases,  which  then  due  to  heavy-hole 
light-hole  coupling  induces  the  blueshift  at  the  heavy-hole  exciton. 

The  results  presented  in  Fig.  5  clearly  demonstrate  that  the  Coulomb  memory  induced  redshift  for  opposite- 
circularly  polarized  excitation  is  very  sensitive  to  both  the  heavy-hole  light-hole  splitting  and  the  pump  detuning. 
Thus  it  should  only  be  observable  in  samples  with  sufficiently  large  exciton  splittings  and  only  in  a  certain  detuning 
range,23  as  was  the  case  in  the  experiments  presented  in  Ref.  15.  The  exact  detuning  and  splitting  ranges  that  allow 
to  observe  the  redshift  depend  on  the  heavy-  and  light-hole  masses  and  on  the  ratio  of  their  oscillator  strengths. 
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Figure  5.  Differential  absorption  spectra  including  heavy-  and  light-holes  for  time  delay  r  =  Ops.  (a)  Co-circularly 
and  (b)  opposite-circularly  polarized  pump  and  probe  pulses,  respectively,  for  a  fixed  detuning  of  4.5  meV  below  the 
Is  hh-exciton  resonance  and  various  splittings  between  the  heavy-  and  light-hole  excitons:  15meV  (solid),  bmeV 
(dashed),  1  meV  (dotted),  and  OmeV  (dashed-dotted),  (c)  Co-circularly  and  (d)  opposite-circularly  polarized  pump 
and  probe  pulses,  respectively,  for  a  fixed  splitting  between  the  heavy-  and  light-hole  excitons  of  ISmeV  and  various 
detunings  below  the  heavy-hole  exciton  resonance.  4.5meV  (solid),  6.75 meV  (dashed),  and  18 meV  (dotted). 


5.  ABSORPTION  CHANGES  DUE  TO  INCOHERENT  OCCUPATIONS 

Numerical  results  on  the  absorption  changes  induced  by  incoherent  exciton  as  well  as  electron-hole  pair  populations 
N  have  been  presented  in  Ref.  20,  where  the  fullEqs.  (4)  and  (5)  have  been  solved  numerically  for  our  model.  The 
homogeneous  part  of  the  equation  of  motion  of  N  contains  the  difference  of  energies  of  two  single  excitons.  Thus  N 
describes  pair  occupations  and  coherences.19’28  As  outlined  in  Ref.  20,  the  pair  occupation  can  be  expanded  using 
the  complete  set  of  excitonic  eigenstates  $0,  which  are  the  eigenstates  of  the  homogeneous  part  of  the  equation  of 
p.  For  low-densities  (non-degenerate  limit)  and  in  thermal  equilibrium  we  assume  that  N  is  given  by  a  summation 
over  thermally  populated  exciton  states,  i.e.  schematically 


1  ^  exp (~ea/kBT)  /rv 

n=lX - A -  ’  (?) 

a 

where  ea  is  the  energy  of  $a,  L  the  length  of  the  system,  and  A  is  a  constant  determining  the  total  density  n.20  In 
Eq.  (6)  we  have  assumed  that  no  coherences  between  different  exciton  states  are  present  and  that  excitons  of  both 
optically  coupled  pairs  of  degenerate  electron  and  heavy-hole  subbands  are  equally  populated. 

Besides  assuming  that  initially  thermally  populated  excitons  are  present,  we  can  also  consider  the  situation  where 
unbound  electron-hole  states  are  populated.  To  model  this  situation  we  simply  replace  the  exciton  wavefunctions 
\I>a  in  Eq.  (6)  by  the  complete  set  of  single-particle  eigenstates  with  energies  eQ,  which  are  the  eigenstates  of  the 
homogeneous  part  of  the  equation  of  p  if  the  electron-hole  Coulomb  attraction  V  is  neglected.  For  generating  the 
thermal  electron-hole-pair  occupation  N  we  then  use  Eq.  (6),  where  is  replaced  by  and  ea  by  ea.20 
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Figure  6.  Differential  absorption  spectra  induced  by  an  incoherent  occupation  of  the  lowest  exciton  state,  (a) 
total  signal  and  (b)  Pauli  blocking  (solid),  first-order  Coulomb  terms  (dotted),  higher-order  Coulomb-correlations 
(dashed-dotted),  and  sum  of  the  two  Coulomb  terms  (dashed).  Dephasing  times  of  2 ps  for  p  and  Z  have  been 
considered. 

We  start  our  numerical  analysis  with  the  low  temperature  limit.  At  T  =  OK  only  the  energetically  lowest  exciton 
state,  i.e.  the  optically  active  ls-exciton,  is  initially  populated,  and  we  calculate  the  differential  absorption  induced  by 
an  incoherent  occupation  N  of  this  exciton  viewed  by  a  circularly  polarized  probe  pulse.  Fig.  6  show  the  numerically 
calculated  differential  absorption  spectra  at  T  =  OK .  Besides  the  total  signal  displayed  in  Fig.  6(a)  also  the  three 
contributions  due  to  Pauli  blocking  and  first-  and  higher-order  Coulomb-interactions,  as  well  as  the  sum  of  the  two 
Coulomb  terms  are  shown  separately  in  Fig.  6(b).  We  see  that  Pauli  blocking  induces  a  pure  and  rather  small 
bleaching  of  the  exciton,  whereas  the  first-order  Coulomb-term  has  a  dispersive  shape  at  the  exciton  corresponding 
to  the  well-known  blueshift.10’29  As  for  the  resonant  coherent  excitation,  this  blueshift  is  strongly  compensated  by 
the  higher-order  Coulomb-term  (a  VZ),  which  besides  excited-state  absorption  induced  by  exciton-  to  two-exciton 
transitions  shows  a  redshift  at  the  exciton  resonance,20  see  Fig.  6(b).  Adding  the  contributions  we  find  that  the  total 
signal  shows  no  net  shift  but  bleaching  of  the  exciton  resonance,  see  Fig.  6(a).  This  bleaching  of  the  exciton  is  mainly 
induced  by  the  strong  Coulomb-interaction-induced  terms,  and  the  Pauli  blocking  introduces  only  weak  additional 
bleaching.  Furthermore,  we  obtain  excited  state  absorption  above  and  below  the  exciton  which  is  induced  by  unbound 
and  bound  biexcitonic  two-exciton  states,  respectively.  The  results  displayed  in  Fig.  6  clearly  demonstrate  that 
for  a  proper  description  of  both  exciton  bleaching  and  excited-state  absorption  higher-order  Coulomb  correlations 
represented  by  the  six-particle  density  matrix  Z  are  important  and  should  not  be  neglected.20  The  Pauli  blocking- 
and  Coulomb-interaction-induced  signatures  in  the  differential  absorption  including  strong  cancellation  between  the 
first-  and  higher-order  Coulomb-terms  and  the  dominance  of  the  Coulomb-terms  over  the  Pauli  blocking  in  the 
presence  of  incoherent  occupations20  are  very  similar  to  the  signatures  obtained  in  the  analysis  of  coherent  pump- 
induced  differential  absorption  changes,  see  Refs.  15  and  21. 

Fig.  7  displays  the  differential  absorption  induced  by  (a)  thermalized  excitons  and  (b)  thermalized  electron-hole 
pairs  for  two  temperatures  of  T  =  2 K  and  100RT .  As  shown  in  Ref.  20,  also  at  elevated  temperatures  for  both  excitons 
and  electron-hole  pairs  the  different  signatures  of  the  three  nonlinearities  as  discussed  above  remains.  Fig.  7(b)  shows 
that  with  raising  the  temperature  of  an  occupation  of  unbound  electron-hole  pairs  both  the  bleaching  of  the  exciton 
as  well  as  the  amplitude  of  the  excited  state  absorption  decrease.  The  result  obtained  for  thermalized  exciton 
occupations,  Fig.  7(a),  looks  similar.  At  very  low  temperatures,  where  only  the  lowest  exciton  is  populated,  one  sees 
clear  signatures  of  the  individual  two-exciton  states.  These  positive  contributions  become  less  structured  at  elevated 
temperatures  due  to  the  fact  that  for  increased  temperatures  also  energetically  higher  excitons  are  populated.  Their 
transitions  to  two-exciton  states,  which  occur  at  different  frequencies,  are  added  to  the  signal  induced  by  the  lowest 
exciton.  The  tail  of  the  excited  state  absorption  towards  low  energies  appearing  for  elevated  temperatures  in  the 
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Figure  7.  Differential  absorption  spectra  for  T  =  2 K  (solid)  and  100#  (dotted)  induced  by  (a)  thermally  occupied 
excitons  and  (d)  thermally  occupied  electron-hole  states. 

excited  state  absorption  below  the  exciton  directly  shows  that  also  energetically  higher  excitons  are  Coulombically- 
coupled  to  two-exciton  states.  Comparing  the  cases  of  unbound  excitons  and  electron-hole  pairs,  Fig.  7(a)  and  (b), 
we  note  that  for  a  fixed  temperature  the  lineshapes  of  the  differential  absorption  are  quite  similar.  However,  for 
thermalized  electron-hole  pairs  the  bleaching  of  the  exciton  resonance  is  stronger  than  for  excitons.  This  stronger 
bleaching  induced  by  electron-hole  pairs  compared  to  excitons  means  that  there  is  stronger  nonlinear  coupling  of  low- 
energy  electron-hole  pairs  to  the  ls-exciton  compared  to  the  nonlinear  coupling  among  the  excitons  themselves.  For 
the  Pauli-blocking  these  differences  can  be  analyzed  simply  by  using  the  exciton  and  electron-hole  wavefunctions,  as 
described  in  Ref.  29.  If  Coulomb-correlations  are  included  in  the  description,  on  the  other  hand,  due  to  the  relevance 
of  six  particle  correlations  no  such  simple  explanation  is  possible,  since  also  two-exciton  states  (which  can  not  be 
calculated  analytically)  are  relevant.  The  temperature  dependence  of  the  bleaching  induced  by  thermalized  excitons 
and  unbound  electron  and  hole  pairs  obtained  within  our  model  has  been  investigated  in  detail  in  Ref.  20. 

The  dominance  of  the  unbound  electron-hole  pair  over  the  exciton  contributions  to  the  resonance  bleaching  is  most 
likely  the  reason  for  the  success  of  electron-hole  plasma  theories  explaining  experimentally  observed  exciton  saturation 
at  low  temperatures.1,3,5,29  This  trend  is  expected  to  be  even  more  pronounced  in  systems  with  dimensionalities 
greater  than  one  because  of  the  reduction  of  the  Coulomb-correlation  effects  with  increasing  dimensionality. 

6.  SUMMARY 

A  microscopic  theory  capable  of  describing  coherent  excitation  effects  in  semiconductors  including  many-body 
Coulomb-induced  carrier  correlations  is  reviewed.  The  theory  is  applied  to  analyze  polarization-dependent  ultra¬ 
fast  absorption  changes  at  the  Is  exciton  resonance.  For  two-band  semiconductors  it  is  shown  that  the  optical  Stark 
effect  may  change  from  a  blueshift  for  co-circularly  polarized  pump  and  probe  pulses  to  a  redshift  for  opposite- 
circularly  excitation  conditions.  A  theoretical  analysis  including  heavy  and  light  holes  shows  that  the  occurrence  of 
the  redshift  for  opposite-circularly  polarized  excitation  depends  sensitively  on  both  the  splitting  between  the  heavy- 
and  light-hole  excitons  and  the  pump  detuning. 

The  theory  is  also  applied  to  an  incoherent  situation.  Whereas  one  could  expect  that  correlations  might  not  be 
important  in  this  situation,  strong  correlation  effects  on  the  differential  absorption  induced  by  incoherent  thermalized 
excitons  and  free  electron-hole  pairs  are  found.  For  low  temperatures  it  is  shown  that  populated  free  electron- hole 
pairs  induce  stronger  bleaching  at  the  exciton  resonance  than  populated  excitons  of  the  same  density. 

In  Ref.  21  the  approach  has  been  generalized  to  treat  also  effects  of  energetic  disorder.  Furthermore,  the  theory 
has  been  applied  to  excitons  in  micro  cavities, 21  yielding  numerical  results  on  reflection  changes  that  are  in  good 
qualitative  agreement  with  recent  experiments.30  The  theoretical  approach  has  further  been  extended  to  include 
effects  of  higher  intensities  (coherent  x^-lnnit)  where  it  yields  results  on  the  excitonic  differential  absorption  in  good 
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agreement  with  experimental  results.31  In  addition,  the  theoretical  approach  has  been  used  to  clarify  the  relevance 
of  a  new  coherent  technique  called  “coherent  excitation  spectroscopy”  which  is  based  on  partly  nondegenerate  four- 
wave  mixing.24  Work  is  in  progress  dealing  with  the  analysis  of  disorder-induced  dephasing  in  four-wave  mixing 
spectroscopy,  which  can  only  be  understood  properly  if  both  disorder  and  correlations  are  treated  microscopically.22 
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ABSTRACT 


This  paper  discusses  the  role  and  impact  of  advancements  in  Photonics  Technology  on  the  performance  enhancement 
of  guided  missile  weapon  systems  with  specific  reference  to  die  development  of  Indian  guided  missiles  programme.  India  is 
emerging  as  a  technologically  strong  nation  with  core  competence  in  Space,  Missile  and  Nuclear  technologies,  advanced 
computing  including  supercomputers  and  software.  Based  on  the  realisation  of  the  fact  that  high  technology  strength  is  the  key 
to  economic  prosperity  and  military  strength,  India  is  progressing  several  high  technology  areas  that  help  in  attaining  the  global 
competitiveness.  Photonics  is  identified  as  one  of  the  important  areas  in  this  direction  and  hence  high  priority  has  been  accorded 
for  Research  &  Development  in  Photonics.  This  paper  reviews  the  current  trends  and  developments  in  missile  technology  and 
highlights  some  of  the  important  developments  in  Photonics  that  have  a  force  multiplying  effect  on  the  performance 
enhancement  of  guided  missile  systems. 
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1.  INTRODUCTION 


A  study  of  the  evolution  of  war  weaponry  reveals  that,  over  the  years,  guided  missiles  have  evolved  as  a  weapon  of 
choice  for  the  modem  warfare.  During  the  early  days  of  warfare,  the  wars  were  fought  using  human  and  animal  strength  and  the 
role  of  weapons  were  mainly  to  augment  this  physical  strength.  At  that  time  the  theatre  of  war  was  confined  only  to  the  land  and 
sea.  This  trend  continued  up  to  the  18th  century  till  the  invention  of  gunpowder  changed  the  nature  of  warfare.  Rocketry  made 
its  beginning  during  the  last  quarter  of  the  18th  century.  A  major  milestone  in  die  history  of  Rocketry  occurred  in  1792  AD, 
when  the  world's  first  war  rocket  was  used  by  Tippu  Sultan,  Prince  of  Mysore,  India,  to  defeat  the  British  cavalry  attack  at 
Srirangapatanam,  near  Mysore  in  India.  This  has  triggered  the  development  of  rocket  as  a  war  weapon.  However,  the  real 
transformation  happened  almost  150  years  later,  towards  the  end  of  World  War  II,  with  the  development  of  world’s  first  guided 
missile  -  V2,  by  Germany.  That  was  the  beginning  of  revolutionary  changes  in  the  warfare  that  resulted  in  the  development  and 
use  of  a  wide  spectrum  of  guided  missiles  launched  from  multiple  platforms  and  aided  by  variety  of  sensors.  Gradually  the 
theatre  of  war  had  extended  to  encompass  the  deep  sea  and  outer  space.  High  technology  devices  and  intelligent  and 
autonomous  systems  have  emerged  as  the  dominating  features  of  the  modem  warfare.  As  a  result  of  the  transformation  of  the 
nature  of  warfare  from  being  a  human  &  animal  warfare  to  weapon  warfare  to  ultimately  the  high  technology  warfare,  guided 
missile  systems  are  at  the  core  of  this  high  technological  warfare.  There  has  been  a  continuous  performance  enhancement  in 
every  aspect  of  the  guided  missiles,  as  a  result  of  the  advancement  of  technologies  in  various  fields.  Photonics  is  one  such  area 
having  significant  impact  on  the  performance  enhancement  of  the  guided  missile  weapon  systems.  This  paper  highlights  some 
of  the  important  developments  in  Photonics  that  have  a  force  multiplying  effect  on  the  performance  enhancement  of  guided 
missile  systems. 
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This  paper  is  organised  into  three  parts  in  die  following  sequence: 

•  A  brief  review  of  high  technology  growth  in  India,  strength  and  core  competence 

•  Integrated  Guided  Missile  Development  Programme,  Missions,  Technologies,  and  Global  assessment 

•  Advances  in  Photonics  and  their  impact  on  the  performance  enhancement  of  guided  missile  systems 


2.  TECHNOLOGY  LEADERSHIP  AND  CORE  COMPETENCE 


A  Nation  is  strong  and  gets  its  rightful  place  only  if  it  has  economic  prosperity  and  comprehensive  security.  Realising  that 
this  can  be  achieved  through  technology,  India  has  progressed  several  technological  areas  that  helped  the  country  to  emerge  as  a 
technologically  strong  nation.  During  die  last  five  decades,  India  has  made  an  all  round  technological  progress  with  many 
accomplishments.  The  green  revolution  and  the  operation  flood  made  the  country  self  sufficient  in  food  production,  milk, 
vegetables,  fruits,  cereals  and  other  essential  areas.  The  technology  related  to  healthcare  has  resulted  in  increase  of  life 
expectance.  The  quest  for  tapping  natural  resources  for  generating  power  has  given  new  impetus  to  the  power  sector.  The 
nuclear  tests  in  1974  and  in  1998  made  India  a  nuclear  weapon  state,  and  India  mastered  harnessing  of  nuclear  power  to  meet 
the  growing  demand  for  electricity.  500  MW  fast  breeder  development  and  the  target  of  3000  MW  power  generation  by  2000 
are  the  immediate  goals.  By  2020  the  nation  is  targeting  20000  MW  nuclear  power  generation.  India  already  has  a  2  GFLOP 
super  computer,  which  will  reach  8  GFLOP  by  2000  and  teraflop  speed  by  2020.  The  nation  is  passing  through  a 
communication  revolution  towards  reaching  20  million  lines  and  soon  to  100  million  lines.  With  the  established  strength  in 
computing  systems,  software  and  communication,  large  pool  of  talented  software  specialists,  together,  India  is  emerging  as  a 
strong  nation  in  the  area  of  information  technology.  India's  current  software  export  has  already  reached  1  billion  US  dollars. 

The  guided  missiles  Agni  and  Prithvi  have  demonstrated  India's  capability  to  develop  high  technology  strategic  systems 
without  any  help  from  outside.  India  made  spectacular  achievements  in  building  its  own  launch  vehicles,  SLV-3,  ASLV,  and 
PSLV,  and  the  GSLV  which  is  getting  ready  will  give  India  the  capability  to  inject  satellites  into  the  geo-stationary  orbit.  The 
Indian  satellites  INSAT  and  IRS  with  6  m  resolution  are  among  the  best  in  the  world.  Recently  PSLV  launched  German  and 
Korean  satellites  providing  cost  effective  launch  services  to  the  world.  India  is  self-sufficient  in  space  systems  and  their 
applications.  In  the  area  of  aeronautics,  the  Indigenous  light  combat  aircraft  will  take  off  very  soon.  India  is  dreaming  of 
launching  a  reusable  missile,  deep  penetration  strike  aircraft,  and  multipurpose  aerospace  vehicle  -  Hyperplane,  harnessing  the 
technological  base  established  in  aeronautics,  space  and  missiles. 

India  is  self-sufficient  in  production  of  all  raw  materials,  special  alloys,  armour  materials,  electronic  components  and 
devices,  computing  systems  and  software  for  meeting  the  demands  of  the  nation.  Both  public  and  private  sector  industries  have 
been  well  knitted  with  R&D  and  academy  to  meet  the  demands.  The  Indian  Defence  R&D  organisation,  DRDO,  achieved 
technology  breakthrough  in  certain  devices  and  computing  systems,  ASICs  and  MMICs,  both  Silicon  and  Gallium  Arsenide 
based,  PACE+  super  computer,  ANUPAMA  microprocessor  with  state-of-the-art  architecture  to  meet  the  requirements  of 
strategic  programmes.  DRDO  has  developed  core  competence  in  many  critical  areas  of  armaments,  combat  vehicles,  electronics 
and  communications,  aeronautics,  missiles,  life  supporting  systems  and  computing  systems.  This  core  competence  is  being  used 
to  develop  state-of-the-art  high  technology  systems  for  the  armed  forces. 

India  is  blessed  with  abundance  of  manpower,  natural  resources  and  good  value  system.  The  R&D  development  cost 
varies  from  1/1 0th  to  l/3ri  of  the  advanced  nations  depending  on  the  type  of  programme.  Also  through  various  programmes, 
Indian  specialists  have  learnt  to  work  together  with  academic  institutions  and  industries  as  partners,  sharing  each  others  strength 
to  design,  develop,  and  produce  high  technology  systems  in  the  country  without  any  dependence  from  abroad. 
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3.  INTEGRATED  GUIDED  MISSILE  DEVELOPMENT 


3.1  Mission  &  Technologies 

The  Integrated  Guided  Missile  Development  Programme  (IGMDP)  commenced  in  1983  with  an  objective  of  design, 
development  and  leading  to  production  of  four  types  of  missile  systems  namely,  Prithvi,  Trishul,  Akash  and  Nag  and 
technology  demonstrator  for  long  range  system  -  Agni.  Prithvi  is  a  short  range  battlefield  Surface  to  Surface  missile  launched 
from  a  mobile  transporter.  Prithvi  uses  liquid  propellant  rocket  engines,  light  weight  airframe,  high  accuracy  strapdown  mcrrial 
guidance  system  and  electro-hydraulic  control  system.  Trishul  is  a  low  level  quick  reaction  surface  to  air  missile  system 
designed  to  defend  the  moving  armoured  columns  from  attacking  aircraft  and  helicopters.  The  Naval  version  of  Trishul  is 
designed  to  defend  the  ships  from  the  incoming  sea-skimming  missiles.  Akash  is  a  medium  range  surface  to  air  missile  with 
multi-target  handling  capability  and  ECCM  features.  Nag  is  a  3rd  generation  anti  tank  guided  missile  with  a  fire  and  forget  and 
top  attack  capabilities.  Nag  has  two  state-of-the-art  guidance  systems,  one  using  an  Imaging  Infra  Red  seeker  and  the  other 
using  a  Millimetric  wave  active  radar  seeker.  Agni  is  an  Intermediate  Range  Ballistic  Missile,  which  uses  a  specially  developed 
carbon-carbon  re-entry  vehicle  structure  and  re-entry  guidance  and  control. 

The  technological  goal  of  the  IGMDP  is  to  ensure  that  die  systems  are  contemporary  at  the  time  of  their  induction  into 
the  Services.  As  a  result,  the  technologies  have  been  forecast  10  to  15  years  in  advance,  concurrently  developed,  and 
channelled  into  the  missile  systems.  The  programme  used  several  innovative  management  practices  including  the  multi- 
institutional  partnership,  consortium,  collaboration,  technology  empowerment,  and  developed  all  the  critical  technologies 
required  for  the  programmes  within  the  country  using  a  network  of  R&D  laboratories,  academic  institutions,  public  and  private 
sector  industries.  The  systems  developed  are  of  multi-user  and  multi-role  in  nature  with  contemporary  performance. 

3.2  Global  Assessment 

With  a  high  supersonic  manoeuvrable  trajectory,  high  lethality,  multiple  field  interchangeable  warheads,  and  high 
accuracy,  Prithvi  is  among  the  best  in  its  class.  With  a  quick  reaction  time  of  6  sec,  jamming  proof  Ka-band  guidance,  and 
anti-sea  skimming  missile  capabilities,  Trishul  has  contemporary  performance  in  its  class.  The  performance  of  Trishul  is 
comparable  to  ADATS,  CROTALE  and  BARAK.  With  multi-target  engagement  capability  and  modem  homing  guidance, 
Akash  is  state-of-the-art  and  comparable  in  performance  to  the  PATRIOT.  Nag  is  aiming  to  be  the  first  of  its  kind  in  die  world 
with  fire  &  forget  and  top  attack  capabilities  and  a  Tandem  warhead  capable  of  defeating  composite  and  reactive  armour. 

33  Further  advancements 

Based  on  die  above  strength,  India  is  working  on  several  next  generation  technologies  to  enhance  the  performance  of 
its  guided  missiles.  The  general  directions  of  improvements  include: 

(a)  Faster  speeds  towards  hypersonic  missiles 

(b)  Improved  precision  towards  zero  CEP 

(c)  Intelligent  systems  like  the  Terminally  Guided  Sub-munitions 

(d)  Capability  of  launching  from  multiple  platforms 

(e)  Enhanced  stealth 

(f)  Better  ECM  /  ECCM  capabilities 

The  above  directions  of  improvement  requires  major  technology  advancements  in  the  subsystems  towards: 

(a)  Lower  weight 

(b)  Less  volume  (Miniaturisation) 

(c)  Lower  power  consumption 


38 


(d)  Better  performance  in  terms  of  the  processing  efficiency,  minimum  errors,  greater  sensitivity  and  greater 
precision 

(e)  Minimum  aerodynamic  interference  and  better  integration  with  missile 

(f)  Lower  cost 


It  is  interesting  to  note  that  many  developments  in  Photonics  could  help  in  realising  the  above  objectives.  Some  of 
them  are  discussed  below. 


4.  ADVANCEMENTS  IN  PHOTONICS  AND  THEIR  IMPACT  ON  PERFORMANCE  ENHANCEMENT 

OF  GUIDED  MISSILES 


4.1  Current  applications  of  Photonics  in  Guided  Missiles 

Photonics  has  always  been  one  of  the  important  technologies  used  in  various  aspects  of  guided  missiles.  Some  of  the 
important  areas  where  Photonics  and  related  technologies  play  a  crucial  role  in  guided  missiles  include: 

(a)  Missile  guidance  applications 

Missile  tracking  sensors  for  command  guidance 

(Ex  :  IR  plume  trackers  used  in  2nd  generation  anti  tank  guided  missiles  and  IR  imaging  sensors 
used  in  surface  to  air  missiles) 

Target  tracking  sensors  for  homing  guidance 

(Ex  :  IR  homing  seekers  for  air  to  air  missiles,  IR  imaging  sensors  for  3rd  generation  anti  tank  guided 
missiles) 

Inertial  sensors  for  navigation  systems  used  in  surface  to  surface  missiles  and  number  of  other 
applications 

(Ex:  Fibre  optic  gyros,  ring  laser  gyros) 

Imaging  sensors  for  mid  course  guidance  and  terminal  homing  for  long  range  missiles 
(Ex  :  Imaging  sensors  for  terrain  contour  matching  and  terminal  guidance) 

Illuminating  source  and  homing  sensors  for  semi-active  homing  applications,  and  range  finders  used 
in  certain  class  of  missiles 

(b)  Proximity  sensors  for  initiating  warhead  detonation 

(Ex:  IR  Proximity  fuzes  used  in  anti  sea  skimmer  missiles,  altitude  sensors  used  in  surface  to  surface  missiles) 

(c)  Surveillance,  target  detection  and  target  acquisition  applications 

Thermal  sights  for  target  acquisition  in  3rd  generation  anti-tank  guided  missiles 
Infra  red  search  &  tracking  systems  for  naval  applications 

Space  based  sensors  for  detection  of  missile  launch  point  for  Ballistic  Missile  Defence  Systems 
Laser  radars  for  precision  tracking 

(d)  Equipment  for  command,  control  &  communications 

Fibre  optic  communications 
Display  systems 

(e)  Electro-optic  counter  measures  &  counter  counter  measure 
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(f)  Design  aids  for  missile  subsystems 

(Ex:  Experimental  stress  analysis  tools.  Laser  anemometers  used  in  wind  tunnel  testing  applications) 

(g)  Test  &  evaluation  instrumentation  for  guided  missiles 

(Ex  :  Electro-optic  tracking  instruments  used  in  missiles  test  ranges) 

(h)  Manufacturing  of  precision  missile  components  and  quality  control 

(Ex  :  Laser  welding,  equipment  for  inspection  and  measurement,  holography  for  NDT) 

The  above  list  indicates  that  Photonics  is  important  at  every  phase  of  die  guided  missiles  lifecycle.  Therefore  any 
development  in  this  technology  has  a  wide  ranging  impact  on  the  missile  systems  performance. 

4.2  Advancements  In  Photonics  and  their  impact  on  guided  missiles 

4.2.1  Some  of  the  important  developments  in  Photonics  and  related  technologies  with  potential  applications  for  guided 
missile  systems  include: 

(a)  Uncooled  Imaging  technology 

(b)  Focal  plane  array  technology 

(c)  Conformal  optics 

(d)  Adaptive  optics 

(e)  Fiber  optics  technology 

(f)  Micro-Opto-Electro  -Mechanical  Systems  (MOEMS) 

(g)  Optical  Correlators 

(h)  Multi-Spectral  fusion  (fusion  of  3-5p  and  8-12p  images) 

(i)  Multi-sensor  Fusion  (fusion  of  3-5p  and  8-12p  images  of  IR  and  MM  wave  images) 

(j)  Real-time  Image  Processing 

4.2.2  Uncooled  Imaging 

Uncooled  thermal  imaging  systems  are  very  important  for  missile  systems  as  these  system  offer  significant  operational 
advantages  and  saving  of  weight,  space  as  well  as  cost  associated  with  the  cooling  system.  Towards  this  the  resistive 
microbolometer  technology,  ferro-electric  bolometer  technology,  uncooled  thermo  electric  linear  arrays  are  becoming  more 
important.  The  research  effort  in  uncooled  infrared  technology  is  directed  towards  several  other  military  applications  including 
reconnaissance,  surveillance  and  weapon  sighting  capabilities  as  well  as  for  precision  munitions  and  dispenser  system 
applications  and  anti  armour  submunition  programmes. 

4.23  Focal  Plane  Array  Technology 

Focal  Plane  Arrays  technology  is  crucial  for  missile  seekers  and  other  imaging  sensors.  The  focus  is  on  developing 
larger  size  arrays,  higher  resolution  and  higher  sensitivity  focal  planes.  The  current  research  is  also  focused  on  reducing  the 
pixel  size  and  increasing  pixel  sensitivity  using  advanced  materials  and  micro  electromechanical  device  structures.  The 
advancement  in  FPA  technology  has  a  direct  impact  on  the  guided  missile  systems.  For  example,  target  detection  and  lock  on 
range  of  a  3rd  generation  anti  tank  guided  missiles  can  be  significantly  increased  by  enhancing  the  performance  of  the  FPA. 

4.2.4  Conformal  optics 

Conformal  optics  minimises  the  aerodynamic  interference  of  the  missile  IR  domes  and  windows  by  shaping  the  optics 
to  minimise  the  aerodynamic  drag  coefficient.  This  will  increase  the  aerodynamic  efficiency  of  the  missile  and  thus  increase  its 
range.  However,  the  design,  manufacturing  and  testing  of  the  conformal  optics  and  development  of  techniques  &  methods  for 
dynamic  aberration  correction  is  a  great  challenge  that  is  being  addresses  by  the  current  research. 
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4.2.5  Adaptive  optics 


Adaptive  optics  compensates  for  the  turbulence  induced  phase  distortions  of  optical  waves  propagating  through  the 
atmosphere.  Adaptive  optic  systems  typically  consist  of  a  wavefront  phase  sensor,  focusing  optics,  a  spatial  light  modulator 
(SLM)  for  correcting  phase  errors,  imaging  sensors,  and  the  control  and  processing  electronics.  These  systems  improve  the 
image  quality  by  reducing  the  phase  aberrations  introduced  when  the  wavefront  travels  through  turbulent  atmosphere  or 
aberrations  introduced  by  die  optical  system  itself.  Adaptive  optic  system  is  a  growing  area  of  interest  for  the  guided  missiles. 
Advanced  technologies  are  now  becoming  available  to  make  these  systems  lightweight,  low  power,  and  compact.  The 
technologies  that  are  making  this  possible  include  highly  integrated  low  power  electronics,  and  new  processing  architectures  for 
error  sensing  and  control,  flexible  high  density  packaging,  and  Micro-Opto-Electro-Mechanical  Systems. 


4.2.6  Fibre  optic  technology 

The  advancement  in  Fibre  optic  technology  has  multiple  implications  for  guided  missile  systems.  The  most  beneficial 
development  is  the  enhanced  communication  abilities  of  the  fibre  optics,  which  are  important  for  command,  control  and 
communication  applications.  Fibre  optic  guided  missile  and  track  via  missile  systems  are  some  of  the  important  developments 
in  this  direction. 

Another  major  application  of  fibre  optic  technology  is  in  the  area  of  sensors.  Fibre  optic  gyro  used  in  the  inertial 
navigation  units  of  missiles  is  an  example  for  this.  The  Fibre  Bragg  grafting  sensors  also  called  "Smart  sensors"  represent  an 
exciting  development  in  fibre-sensor  technology.  Fibre  Bragg  grating  sensors  can  monitor  the  manufacture  of  a  product  or  the 
condition  of  a  structure  in  use  by  providing  the  real-time  feedback  by  reflecting  different  wavelengths  depending  on  the 
condition  of  the  structure.  Writing  a  periodic  series  of  gratings  (refractive-index  modulations  in  the  core  of  a  single-mode  fibre) 
using  an  ultraviolet  beam  generates  a  low-loss,  highly  reflective,  wavelength-sensitive  filter  system.  This  non  invasive  process 
does  not  change  the  fibre's  strength,  electromagnetic-interference  immunity  or  dielectric  properties.  Bragg  grating  sensors, 
when  fabricated  and  annealed  properly,  have  proven  to  be  permanent,  easily  reproducible  reflectors  that  can  withstand  high 
temperatures.  The  gratings  respond  to  changes  in  temperature,  compression  and  strain  by  changing  the  wavelength  that  they 
reflect,  and  their  performance  is  not  amplitude  or  intensity  dependent.  The  sensors  are  small  and  can  easily  attached  to  surfaces 
to  provide  information  on  the  structure's  integrity.  These  sensors  are  very  useful  for  monitoring  the  structural  conditions  during 
flight  testing  of  guided  missiles. 


4.2.7  Micro-  Opto-Electro-Mechanical  Systems  (MOEMS) 

These  systems  represent  another  exciting  development  for  missile  and  space  applications.  The  saving  in  the  weight, 
volume  and  power  requirements  are  of  great  importance  for  the  applications  such  as  the  terminally  guided  sub-munitions.  Micro 
minors  are  the  crucial  enabling  technology  for  these  systems.  Design  techniques  and  fabrication  processes  for  both  individual 
micro  mirrors  as  well  as  the  arrays  of  micro  mirrors  are  the  focus  of  die  current  research  efforts. 


4.2.8  Optical  correlators 

Optical  correlators  relies  on  the  Fourier  transform  property  of  a  lens  and  a  hologram  of  the  Fourier  transform  of  an 
object  as  viewed  from  a  particular  perspective,  to  establish  a  matching  correlation  coefficient  Optical  correlators  can  be 
effectively  used  for  automatic  target  recognition,  missile  guidance  and  tracking  of  the  target  scenes  which  do  not  have 
prominent  features  or  high  contrast  with  the  background.  The  speed  and  innate  parallel-processing  capability  of  optics  enable 
the  correlator  to  simultaneously  recognize  and  locate  all  objects  in  a  scene  almost  instantaneously.  These  systems  are  very 
important  for  the  missile  guidance  applications,  especially  the  mid  course  and  terminal  guidance  of  long  range  surface  to 
surface  missiles. 
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4.2.9  Multi-Spectral  fusion  &  Multi-Sensor  fusion 


The  Multi-Spectral  fusion  methods  greatly  improve  the  detection  and  identification  of  low  observable  and  camouflaged  targets. 
Hence  these  methods  are  becoming  more  and  more  common  for  future  applications.  Missile  seekers  with  two  color  detectors  are 
already  in  operation.  However  for  a  battle  field  application,  Multi-sensor  fusion  is  emerging  as  a  major  technique  to  overcome 
limitations  of  IR  and  radar  seekers,  especially  in  a  dense  electronic  /  electro-optic  counter  measures  environment.  Dual  mode 
missile  seekers  with  both  IR  and  radar  imaging  seekers  are  becoming  important  for  future  applications.  Hence  this  is  an 
important  area  for  missile  technology. 


4.2.10.  Real-time  Image  Processing 

Due  to  the  limitations  imposed  by  the  electronic  processors  for  the  real-time  solutions  to  critical  military  application 
such  as  automatic  target  recognition,  clutter  rejection  in  infrared  search  and  track  (IRST)  applications,  vision-assisted  piloting 
tasks  in  unmanned  robotic  vehicles  (e.g.,  Remotely  Piloted  Vehicles,  Unmanned  Aerial  Vehicles,  or  Unmanned  Underwater 
Vehicles),  and  imaging  Identification  Friend  of  Foe,  real-time  image  processing  is  an  important  technology.  The  intrinsic 
parallelism  of  optics  is  expected  to  circumvent  these  limitations  in  future.  Towards  this,  the  optronics  processor  holds  a  great 
promise  for  future  real  time  applications  for  guided  missiles. 


4.2.11  The  Indian  scenario 

India  has  already  developed  thermal  Imagers  based  on  60  &  100  element  linear  arrays  and  288x4  FPAs  for  MBT-FCS 
and  Nag  missile  respectively.  It  is  working  on  IRST  system  for  Naval  applications.  A  wide  technology  base  exists  within  the 
country  and  also  enough  skilled  manpower  available  in  this  field.  Keeping  in  view  the  technology  trends  and  the  requirements 
of  the  country,  DRDO  is  working  in  the  development  of  several  state-of-the-art  systems  including;  Night  Vision  Devices 
based  on  Optical  Amplification,  Intelligent  Search  &  Track  system  for  Airborne  platforms,  High  performance  Thermal  Imagers 
using  staring  FPAs/IR  CCDs,  Dual-bank/Bi-spectral  3-5  pm  and  8-12  pm  imagers,  Thermal  Imagers  using  uncooled  detectors, 
Real  time  (on-line)  image  processing.  Laser  Instrumentation  including  Laser  Designator/Range  Finders  using  Laser  diode 
pumped  Nd:YAG  laser.  Eye-safe  laser  systems,  Laser  Range  gated  imaging,  Laser  proximity  fuses,  Blue-green  lasers  for  under¬ 
water  imaging.  Coherent  laser  imaging,  Sensors  for  smart  ammunitions.  Integrated  Multi-spectral  laser  and  Radar  Warning 
systems  and  Autonomous  EO  Missile  jammers  with  programmed  auto-controls.  Servo  Control  Systems  will  include  LOS 
stabilization  to  an  accuracy  of  lOp  rad.  Photonics  includes  EO  tracking/guidance  system  based  on  optical  correlation 
techniques,  Helmet  mounted  display  using  wave-guide  HOE,  EO  sensor  using  10  chips,  Real-time  imaging  system  through 
turbulent  media.  Optical  Designs  include  design  of  light  weight  optical  systems  using  GRIN/Binary  optics.  Special  attention  is 
being  given  to  die  development  of  non-linear  materials,  lasers,  IR  transmitting  materials,  thermal  sensors,  electro-optical 
devices  and  transducers,  within  the  country. 

Some  of  the  identified  focal  areas  for  R&D  include  : 

(a)  Photonic  Devices 

Optical  amplifiers  for  night  vision  communication. 

Associated  memory  devices  using  neural  network  for  recognition  of  targets. 

Correlator,  convolver,  pulse  compressor  and  tuneable  filters  for  signal  processing. 

Gallium  Arsenide  based  integrated  optical  components  such  as  phase-shifters,  modulators. 

A  to  D  converter  for  optical  computing  applications. 

Distortion  free  optical  recognition. 
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(b)  Photonic  Materials 


Laser  host  materials  such  as  Nd,  YAG,  Er  YAG,  CNGG,  Alexandrite,  Ti  Sapphire,  Nd  Glass. 

Laser  non-linear  materials  such  as  Lithium  Nichate,  KTP,  BBO,  LBO  for  parametric  devices,  BSO, 
BGO  and  KNB  for  OPC  applications. 

Organic  and  polymer  materials  such  as  Urea,  MNA,  POM,  etc.  for  SHG  applications,  MNA/PMMA 
for  guided  wave  applications,  organic  dyes  for  Q-switching  and  mode  locking  applications. 
Semiconductor  materials  such  as  GaAs,  CdTe,  CdZnTe,  MCT,  etc. 

IR  materials  such  as  ZnS,  ZnSe  and  Chalcogenide  glasses  for  IR  optical  components. 

(c)  Photonic  Technologies 

OPC  techniques 

Diode  laser  pumping  for  solid  state  lasers 
Optical  parametric  oscillator 
Er  doped  passive  fibre  optical  amplifiers 
Real-time  optical  processing 
Integrated  optical  waveguide  technology 
Holographic  optical  elements 

(d)  Sensors 


Optical  &  IR  sensors  and  thermal  imagers  for  IR  detection  and  thermal  imaging. 
Fiber  optic  sensors ,  Fiber  Optic  gyros  (FOGs)  and  Ring-Laser  gyros  (RLG) 
Multi-spectral  and  multi-mode  homing  seekers 


5.  CONCLUSION 

Advances  in  Photonics  technology  holds  great  promise  for  the  performance  enhancement  of  guided  missile  systems. 
Realising  this  potential,  the  Indian  Defence  R&D  identified  Photonics  as  one  of  the  high  priority  areas  for  the  research  and 
development.  In  this  context,  this  paper  discussed  the  various  important  developments  in  Photonics  and  highlighted  some  areas 
related  to  guided  missiles.  It  is  clear  from  the  above  discussions  that  Photonics  is  a  great  force  multiplier  for  guided  missile 
technology.  This  paper  also  briefly  outlined  the  Indian  scenario  in  the  area  of  Photonics  and  die  thrust  areas  for  R&D.  With  an 
established  core  competence  in  space,  missile  and  nuclear  technologies,  and  information  technology,  India  is  poised  for  greater 
technological  advancement  through  the  synergistic  growth  of  Photonics  and  guided  missile  technology. 
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ABSTRACT 

Contactless  electroreflectance  (CER)  of  a  GaN/InGaN/AlGaN  multilayer  structure  grown  on  sapphire  has  been 
measured  in  the  temperature  range  of  15  K  and  450  K.  Except  for  the  GaN  exciton  structures,  well-defined  Franz-Keldysh 
Oscillations  (FKO’s)  are  observed  above  the  AlGaN  band  gap.  An  electromodulational  model  based  on  complex  Airy 
functions  is  used  to  analyse  the  FKO's  line  shape.  The  temperature  dependence  of  transition  energies  is  obtained  both  for 
GaN  and  AlGaN.  The  magnitude  of  the  built  in  electric  field  in  AlGaN  layer  is  also  determined.  The  temperature 
dependence  of  the  electric  field  is  found  to  be  consistent  with  the  variation  of  thermal  strain  in  the  epilayer.  It  is 
demonstrated  that  the  built-in  electric  field  can  be  identified  to  be  due  to  the  piezoelectric  effect. 

Key  words:  AlGaN,  Contactless  electroreflectance,  Franz-Keldysh  Oscillations,  Piezoelectric  effect 

INTRODUCTION 

Ill-nitride  is  a  promising  material  for  the  development  of  optoelectronic  devices  in  the  blue  and  ultra-violet  spectral 
regions.1  High-efficiency  blue  and  green  light-emitting  diodes  (LEDs)  and  room-temperature  laser  diodes  (LDs)  based  upon 
GaN  and  related  materials  have  been  achieved  recently.  This  has  encouraged  the  increasing  efforts  in  the  investigation  of 
their  fundamental  properties  in  the  recent  years.  For  the  lack  of  proper  substrate,  Ill-nitrides  are  usually  grown  on  lattice 
mismatched  and  thermal  incompatible  foreign  substrates.  Sapphire  is  one  of  the  most  commonly  used  substrate.  GaN 
epilayers  grown  on  sapphire  have  been  demonstrated  to  be  under  biaxial  compressive  strain.  The  influence  of  the  strain  on 
the  valence  band  splitting  and  exciton  recombination  in  Ill-nitrides  has  been  studied  extensively.  The  strain  will  also  induce 
large  piezoelectric  fields  in  the  epilayer  for  Ill-nitride  materials  having  large  piezoelectric  constants.  These  piezoelectric 
fields  have  been  reported  to  affect  the  optical  and  electrical  performance  of  nitride  materials  and  devices.3"7  However, 
understanding  of  the  piezoelectric  effect  in  Ill-nitrides  is  far  to  completeness,  further  investigation  will  be  necessary. 

Photoreflectance  (PR)  and  Contactless  Electroreflectance  (CER)  are  powerful  nondestructive  tools  available  for 
studying  the  optical  properties  of  semiconductors.  In  the  low  field  regime,  the  PR  and  CER  displays  sharp  derivative-like 
features  in  the  region  of  interband  transitions.8  In  the  intermediate  field  regime,  PR  and  CER  exhibit  Franz-Keldysh 
oscillations  (FKO’s),  which  can  be  used  to  determine  the  magnitude  of  the  built-in  electric  fields.8, 9  For  Ill-nitrides,  PR  and 
CER  have  been  performed  extensively  to  study  the  exciton  transitions  and  valuable  information  about  the  exciton  fine 
structure  has  been  obtained.10  However,  most  of  the  work  are  performed  in  the  low  field  regime  and  the  FKO’s  have  only 
been  observed  in  a  few  PR  spectra  for  Ill-nitride  system  and  lack  detailed  investigation.11, 12  In  comparison  with  PR,  the 
CER  method  has  a  number  of  advantages  for  the  study  of  wide-band-gap  nitride  materials.  It  does  not  require  an  UV  laser  as 
the  pump  beam  and  it  also  avoids  the  photoluminescence  background  due  to  this  pump  beam.  In  this  paper,  we  report  the 
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study  of  a  GaN/InGaN/AlGaN  multilayer  structure  by  CER,  clear  FKO’s  associated  with  AlGaN  layer  are  observed  and  the 
magnitude  of  the  built-in  electric  field  is  determined.  The  built-in  electric  fields  are  also  found  to  be  temperature  dependent 
and  related  to  the  thermal  strain  in  the  epilayer,  which  demonstrates  its  piezoelectric  nature. 

EXPERIMENTAL 

The  sample  used  in  our  experiment  is  a  GaN/InGaN/AlGaN  mutilayer  structure  grown  on  the  c-plane  of  sapphire 
substrate  by  metalorganic  chemical  vapor  phase  deposition  (MOCVD).  The  sample  consists  of  the  following  sequence: 
sapphire  substrate/GaN(2.2pm)/AIGaN(0.1pm)/InGaN(0.39pm)/GaN(0.1pm)  cap.  The  InGaN  segment  is  a  multiple 
quantum  well  with  In  concentrations  of  20%  and  2%  in  the  well  and  barrier  layer,  respectively.  The  AI  composition  of 
AlGaN  layer  is  10%.  All  the  layers  are  undoped.  In  the  CER  measurements,  Xenon  arc  lamp  of  150  W  was  used  as  the 
probe  source  and  a  600  V  peak  to  peak  AC  voltage  was  applied  to  the  sample  through  a  capacitor  like  electrodes  as  the 
modulation  source.  This  value  of  the  modulation  voltage  was  sufficiently  small  so  that  the  measured  line  shapes  were 
independent  of  the  modulation  voltage.  The  modulation  field  is  estimated  to  be  near  3  kV/cm  for  a  distance  of  about  1mm 
between  the  two  electrodes.  The  signal  was  detected  by  an  UV-enhanced  Si  photodiode.  The  sample  was  cooled  with  a 
closed-cycle  refrigerator  and  measurements  were  performed  in  the  temperature  range  of  15  K  and  450  K. 

RESULTS  AND  DISCUSSIONS 


Photon  Energy  (eV) 


Fig.l:  The  CER  of  the  sample  at  30  K,  150  K  and  300  K.  Solid  curves  are  experiments. 
Open  triangles  are  the  fit  to  the  FDGFF  form  for  GaN  and  open  circles  are  the  fit  using  the 
electromodulation  model. 
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Figure  1  shows  the  CER  of  the  sample  measured  at  three  typical  temperatures  (solid  curves).  From  Fig.l,  there  are 
two  portions  of  spectral  structures  observed  obviously.  From  the  observed  absorption  edges  of  GaN  (3.44  eV)  and  AlGaN 
(3.62  eV)  layers  by  room  temperature  photovoltaic  spectrum  of  the  sample,  the  CER  structures  in  Fig.l  can  be  identified 
from  their  energy  positions.13  The  sharp  structures  around  3.5  eV  are  from  the  GaN  layer  and  the  broad  oscillation-like  ones 
can  be  identified  to  be  originated  from  the  AlGaN  layer.  The  CER  of  the  InGaN  segment  is  only  observed  as  a  weak 
structure  (not  shown)  although  emission  from  this  layer  dominates  the  photoluminescence  spectra.14 

For  the  sharp  GaN  spectral  features  in  Fig.l,  it  is  found  the  line  shape  is  very  similar  with  the  previous  report  and 
they  can  be  attributed  to  GaN  excitonic  absorption.15  The  CER  line  shape  due  to  excitons  in  the  low  field  regime  can  be 
described  by  the  first  derivative  of  a  Gaussian  functional  form  (FDGFF).  The  modulated  reflectivity  AR/R  can  be  expressed 
as:8 


^  =  c,(i/r2)0(i,  i  -ix2)  +  c2(2x/r2)<D(2,  ^,-^2)  (i) 

K  11  2  2 

where  Ci  and  C2  are  amplitudes,  T  a  phenomenological  broadening  parameter.  0(i,  j,  k)  is  the  degenerate 
hypergeometric  function,  where  x  is  related  with  the  photon  energy  E  and  exciton  transition  energy  E0  by 

x  =  (E  -  Eo)  /  r  (2) 

The  fundamental  absorption  edge  in  wurtzite  GaN  has  three  excitonic  transitions,  A,  B  and  C  related  to  the  Fgr  - 

r7  ,  r7  (upper  band)- T7  and  T7  (lower  band)- T7  interband  transitions,  respectively.  The  open  triangles  in  Fig.l  is  the 

least  square  fits  to  the  first  derivative  of  the  Gaussian  functional  form  (FDGFF)  including  the  three  exciton  transitions  of 
GaN.8  In  our  spectra,  A  and  B  features  are  not  resolved  because  of  the  thermal  or  defect  broadening  although  line  shape 
fitting  demonstrates  two  structures.  The  C  exciton  is  separated  by  about  65  mV  from  A  and  B  at  room  temperature.  This 
value  is  very  similar  to  that  (70  meV)  previously  reported  in  CER  of  GaN.15 

Above  the  band  gap  (3.6  eV)  of  AlGaN,  the  spectrum  shows  clear  oscillating  behaviour.  Since  these  oscillations 
occur  at  higher  energy  positions  above  GaN  band  gap,  other  possible  mechanisms  such  as  thickness  interference  fringes, 
piezoelectrical  thickness  variations,  thermomodulation  and  electric  field  effects  acting  on  a  series  of  discrete  electronic 
levels  or  on  a  continuum,  can  be  excluded  as  all  these  effects  will  lead  to  oscillations  below  the  GaN  band  gap.  We  thus 
identify  them  to  be  due  to  the  FKO’s. 

We  analyse  the  FKO's  observed  by  a  recently  proposed  electromodulation  model  based  on  complex  Airy 
functions.16,17  From  this  model,  if  the  effects  of  excitons  and  electric  field  non-uniformity  are  negligible,  the  CER  response 
AR/R  can  be  finally  expressed  as:16, 17 


AR 
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=  Re 


Ae^_ 
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where  <p  is  a  phase  factor,  A  the  amplitude,  E  the  photon  energy  and  ^represents  collision  broadening,  the  parameter  z  and 
the  electro-optic  energy  hO  are  defined  as: 
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where  e  is  the  electronic  charge,  ft  the  Plank  constant,  F  the  magnitude  of  the  electric  field,  E0  the  band  gap  energy,  and  ju 
the  interband  reduced  effective  mass  in  the  field  direction,  given  by 
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where  me  is  the  electron  mass  and  rrih  the  hole  mass.  Since  the  A1  composition  is  small  in  our  sample,  we  simply  use  the 
effective  mass  of  GaN  for  Alo.1Gao.9N  in  the  analysis,  i.e.,  ifle/mo =  0.22  and  m^/mo  -  0.54. 18  where  mo  is  the  free  electron 
mass. 

For  an  isotropic  three-dimensional  critical  point,  the  electro-optic  function  H(z)  is  defined  as  a  combination  of  the 
Airy  function  and  its  derivative.16 


H(z)  =  2  x{e-,(’m4(z)4[ze-llum] 

+ ze-WA,{z)A,  [ze-i(2’,3>  ] }+  ijz  (7) 

where  Ai  is  the  Airy  function  and  At  its  derivative. 

The  open  circles  in  Fig.  1  are  the  least  square  fits  using  Eq.  (3)  with  a  single  Airy  function.  The  good  fit  to  the 
experimental  line-shape  supports  our  attribution  of  the  observed  structures  to  FKO's.  From  the  line  shape  analysis,  the 
magnitude  of  the  built-in  electric  fields  can  be  determined  and  the  obtained  values  are  in  the  range  of  260  to  380  kV/cm  for 
various  temperatures.  Under  such  high  electric  fields,  excitons  must  be  ionized  and  thus  cannot  contribute  to  the  CER 
spectra.  A  numerical  simulation  of  the  carrier  redistribution  has  shown  that  the  maximum  electric  fields  near  the  interface 
between  GaN,  InGaN  and  AlGaN  interfaces  are  80  kV/cm  and  it  excludes  the  contribution  of  carrier  redistribution  to  the 


Temperature  (K) 

Fig.2:  The  temperature  dependence  of  transition  energies  for  GaN  and  InGaN  (solid 
symbols).  Solid  line  is  the  best  fit  to  Varshini  equation  (AlGaN)  and  Bose-Einstein 
relation  (GaN). 
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observed  FKO's.13  The  large  electric  field  observed  in  the  AlGaN  layer  also  cannot  be  possibly  induced  by  photovoltaic 
effect,  modulation  field  near  the  surface  and  interface,  and  therefore  we  identify  it  to  be  due  to  piezoelectric  effect. 

Fig.2  shows  the  obtained  temperature  dependence  of  GaN  and  AlGaN  transition  energies.  In  the  FDGFF  fit  to 
GaN  CER,  we  has  supposed  that  the  B  exciton  has  a  fixed  energy  separation  from  A  exciton  (8  meV)  and  their  broadening 
items  are  the  same  in  order  to  reduce  the  adjustable  parameters. 

The  temperature  dependence  of  the  interband  transition  energies  of  semiconductors  can  be  described  by  the 
Varshni  empirical  relationship: 19 


E(T)  =E(0)-aT2/(p+T)  (8) 

where  E(0)  is  the  transition  energy  at  0  K,  and  a  and  (3  are  Varshni  coefficients. 

The  temperature  dependence  of  interband  transition  energies  for  semiconductors  also  can  be  described  by  a  Bose- 
Einstein-type  relation:20 


ECO  =  E(0)-2a„/[exp(8B/T)-l]  m 

where  aB  represents  the  strength  of  the  exciton-average  phonon  interaction,  and  0B  corresponds  to  the  average  phonon 
temperature. 

Best  fits  to  the  above  Eq.  (8)  or  (9)  of  the  temperature  dependence  of  transition  energies  for  GaN  and  AlGaN  are 
shown  in  Fig.2  as  solid  lines. 

For  transition  energies  of  AlGaN,  its  temperature  dependence  can  be  better  described  by  Varshni  relationship  of 
Eq.  (8).  Our  obtained  Varshni  coefficients  a  and  p  are  12  x  10*4  eV/K  and  1600  K,  respectively.  These  values  are  close  to 
those  of  GaN  and  Alo.05Gao.95N  by  CER.21, 22  The  band  gap  at  0  K  is  obtained  to  be  3.682  eV.  Using  the  AlGaN  band  gap 
dependence  of  A1  fraction,23  the  A1  concentration  in  our  sample  is  found  to  be  10.4  %,  which  is  consistent  with  the  growth 
A1  composition  ( 1 0%) . 

However,  the  Bose-Einstein-type  relation  is  found  to  be  more  appropriate  for  the  temperature  dependence  of  GaN 
exciton  energies.  The  aB  obtained  is  140  meV  and  150  meV  for  A  and  C  excitons,  respectively.  Their  average  phonon 
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Fig.3:  The  temperature  dependence  of  the  obtained  built-in  electric  fields  (solid 
squares)  and  its  calculation  from  the  thermal  strain  (solid  line). 
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temperature  0B  determined  is  605  K  for  A  exciton  and  665  K  for  C  exciton.  These  values  are  in  good  agreement  with  the 
previous  results  of  GaN  and  Al0.05Ga0.95N  by  CER.21, 22  As  reported  in  ref.  [21],  a  decrease  of  the  energy  separation  between 
C  exciton  and  A  exciton  at  low  temperature  is  also  observed. 

Figure  3  shows  the  obtained  built-in  electric  fields  at  various  temperatures.  We  exclude  the  data  of  temperatures 
higher  than  300  K  because  the  higher  noise  level  diminishes  the  occurrence  of  the  FKO’s  and  leads  to  higher  error  in  the 
determination  of  electric  fields.  From  Fig.3,  it  is  found  that  the  built  in  electric  field  in  AlGaN  layer  has  strong  temperature 
dependence.  As  the  temperature  decreases,  the  magnitude  of  the  electric  field  decreases.  Furthermore,  at  temperature  is 
lower  than  about  200K,  the  electric  field  decreases  slower  with  temperature  and  it  becomes  almost  temperature  independent 
below  100K.  The  electric  field  will  depend  on  the  strain  in  the  epilayer  if  it  is  due  to  piezoelectric  effect.  The  above 
temperature  dependence  of  electric  field  will  reflect  the  variation  of  strain  in  the  epilayer  and  a  qualitative  discussion  will  be 
given  below. 

For  GaN  grown  on  sapphire  substrate,  the  lattice  mismatch  induced  strain  is  believed  to  be  almost  completely 
relaxed  at  the  growth  temperature  because  of  their  large  lattice  mismatch  (14%).  Strain  in  the  epilayer  at  lower  temperatures 
is  largely  understood  as  a  consequence  of  the  difference  in  the  thermal  expansion  coefficients  between  the  nitride  layer  and 
substrate.25, 26  In  our  sample,  the  GaN  layer  is  much  thicker  than  other  layers,  so  we  treat  our  multilayer  structure  just  as 
GaN/sapphire  system  in  the  estimation  of  the  residue  thermal  strain.  In  the  calculation,  the  difference  of  thermal  expansion 
coefficient  of  GaN  and  AlGaN  are  neglected  because  of  our  low  A1  fraction  and  very  thin  AIGaN  thickness.  In  order  to 
calculate  the  thermally  induced  strain  in  the  AlGaN  layer,  we  also  assume  the  AlGaN  layer  are  pseudomorphically  grown 
on  the  GaN  layer.  This  assumption  is  reasonable  for  our  sample  with  thin  AIGaN  layer  (0.1  pm  )  and  low  A1  composition 
because  it  has  been  reported  that  AIGaN  can  be  pseudomorphically  grown  on  GaN  buffer  up  to  thickness  of  600  nm. 

For  GaN  grown  on  sapphire  substrate,  the  change  of  strain  in  the  GaN  layer  can  be  calculated  by:25, 26 


\F  _  aGaNaGaN 
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where  a  is  the  thermal  expansion  coefficient,  a  the  lattice  constant,  and  AT  the  change  of  temperature.  In  Eq.  (10), 
the  in-plane  lattice  constant  of  GaN  (dGaN)  and  sapphire  substrate  (&sub)  are  3.189  A  and  4.758  A,  respectively.  The 

thermal  expansion  coefficients  of  GaN  (CCGaN)m&  sapphire  (GT^  )  at  room  temperature  are  5.59  x  10"6  /K  and  7.5  x  10"6 

/K,  respectively.26  The  larger  thermal  expansion  coefficient  of  the  sapphire  substrate  than  the  GaN  layer  indicates  that  a 
biaxial  compressive  strain  will  be  built  in  the  epilayer  at  room  temperature  after  the  cooling  down  from  the  growth 
temperature,  which  is  in  agreement  with  the  experiments. 25, 26  After  the  strain  in  GaN  layer  is  determined,  the  strain  in 
AIGaN  layer  can  be  obtained  by  simply  assuming  the  0.1pm  AIGaN  layer  has  the  same  in-plane  lattice  constant  as  GaN  in 
our  sample. 

After  the  strain  in  the  AIGaN  layer  is  determined,  the  magnitude  of  piezoelectric  field  in  the  epilayer  can  be 
obtained  using:3 
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where  e  is  the  dielectric  constant,  e0  the  vacuum  permittivity,  d31  the  relevant  piezoelectric  constant,  c,y  the  elastic 

constants,  and  £ ^  the  strain.  The  parameters  used  in  Eq.  (1 1)  for  Alo.1Gao.9N  are  calculated  by  linear  interpolation  between 
the  corresponding  parameters  of  GaN  and  AIN,3  and  they  are  given  in  Table  I. 

The  calculated  piezoelectric  fields  of  AIGaN  layer  by  Eq,  (11),  using  the  values  of  the  thermal  expansion 
coefficients  for  GaN  and  sapphire  at  room  temperature,  is  shown  as  a  solid  line  in  Fig.3.  Because  the  temperature 
dependence  of  thermal  expansion  coefficients  is  neglected,  the  calculation  will  only  be  applicable  in  the  temperature  range 
near  300K.  From  the  calculation,  it  is  found  that  the  magnitude  of  the  piezoelectric  field  in  AIGaN  layer  decreases  linearly 
with  the  temperature  and  it  qualitatively  agrees  with  the  experiment  data  near  300  K.  The  deviation  of  the  theoretical 
calculation  from  the  experiments  at  low  temperatures  is  due  to  the  simple  assumption  which  neglects  the  temperature 
dependence  of  the  thermal  expansion  coefficients.  For  semiconductors,  the  thermal  expansion  coefficient  has  strong 
temperature  dependence  below  room  temperature.  The  study  of  GaN/sapphire  by  X-ray  diffraction  has  shown  that  the 
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thermal  expansion  of  GaN  and  sapphire  decrease  as  the  temperature  decreases  from  300  K  and  become  negligible  below 
100  K.27  This  can  account  for  the  observed  slower  rate  of  decrease  in  piezoelectric  fields  as  temperature  is  decreased.  Below 
100  K,  the  electric  field  determined  by  FKO's  is  almost  independent  of  temperatures,  which  indicates  that  the  thermal 
expansion  is  actually  negligible  in  this  temperature  region. 

Table  I:  Values  used  for  calculating  strain  induced  piezoelectric  fields. 


GaN 

AIN 

Al0.lGa0.9N 

chi  (cm/V) 

-1.7  x  10‘10 

-2.0  x  10'10 

-1.73  x  10’10 

g  (static) 

10.0 

8.5 

9.85 

Cn  (GPa) 

396 

398 

396 

Ci2  (GPa) 

144 

140 

144 

C]3  (GPa) 

100 

127 

103 

C33  (GPa) 

392 

382 

391 

Using  Eq.  (1 1),  the  strain  in  AlGaN  layer  is  estimated  to  be  0. 14%  from  the  piezoelectric  field  of  260  kV/cm  at  15 
K.  If  the  AlGaN  is  considered  to  be  pseudomorphically  grown  on  GaN,  it  corresponds  to  a  compressive  biaxial  strain  of 
about  0.11%  in  the  GaN  layer,  which  is  in  the  region  of  strain  values  previous  reported  in  GaN  grown  on  sapphire.2  The 
FDGFF  fit  to  the  GaN  exciton  structure  at  15  K  shows  that  the  free  exciton  A  is  at  3.489  eV.  By  using  the  strain  dependence 
of  the  excition  energy22,  we  obtain  the  strain  in  GaN  layer  to  be  about  0.13%.  This  indicates  our  assumption  of  AlGaN 
pseudomorphically  grown  on  GaN  layer  is  reasonable. 

CONCLUSION 

In  conclusion,  exciton  structures  from  the  GaN  and  FKO’s  from  the  AlGaN  layer  are  observed  in  CER  of  a 
GaN/InGaN/AlGaN  multilayer  structure.  The  GaN  CER  features  are  analysed  by  the  first  derivative  of  a  Gaussian 
functional  form  while  an  electromodulational  model  is  used  to  fit  the  line  shape  of  CER  for  FKO's  in  AlGaN.  The 
temperature  dependence  of  their  interband  transition  energies  is  studied  in  terms  of  Varshini  and  Bose-Einstein  expressions. 
The  magnitude  of  the  built-in  electric  fields  in  AlGaN  layer  is  also  determined  at  different  temperatures.  A  qualitatively 
agreement  can  be  obtained  for  the  temperature  dependence  of  the  electric  fields  near  300  K.  It  is  found  that  such 
temperature  dependence  is  related  to  the  thermal  strain  variation  in  the  epilayer  and  we  thus  assign  the  large  electric  fields  to 
be  the  piezoelectric  fields. 
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Abstract 

GaN  thin  films,  undoped,  Si-  and  Mg-doped,  and  InGaN-GaN  multiple  quantum  well  (MQW)  structures 
have  been  grown  on  Si  (001)  substrates  with  specially  designed  composite  intermediate  layers  consisting  of  an 
ultra-thin  amorphous  Si  layer  and  a  GaN/AlGaN  multilayered  buffer  by  low  pressure  metalorganic  chemical 
vapor  deposition.  The  structural  and  optical  properties  of  these  new  grown  materials  were  studied.  X-ray 
diffraction  (XRD),  Raman  scattering  and  Fourier  transform  infrared  reflectance  measurements  confirmed  their 
wurtzite  structure.  Scanning  electron  microscopy  exhibited  the  single  crystalline  grain  size  up  to  ~2  pm. 
Photoluminescence  showed  strong  GaN  near  edge  emission,  with  only  very  weak  deep  defect-related 
emissions,  for  GaN  films,  and  strong  MQW  emissions.  The  film  surface  morphology  and  material  properties 
are  improved  by  adjusting  the  growth  conditions  and  buffer  layer  structural  design. 


1.  INTRODUCTION 

GaN  based  materials  attract  much  interest  in  recent  years  for  its  applications  in  blue-ultraviolet  light  emitting 
diode  (LED),  laser  diode  (LD)  and  other  optoelectronics  devices1.  Recently,  the  growth  of  high-quality  GaN 
thin  films  on  sapphire  has  been  demonstrated 2'3.  The  growth  of  GaN  on  sapphire  is  usually  difficult  because  of 
the  large  difference  in  lattice  constant  and  thermal  expansion  coefficient  between  GaN  and  the  sapphire 
substrate  and  the  rigidness  of  sapphire  substrate.  GaN  thin  films  have  also  been  tried  to  fabricate  on  various 
other  substrates,  such  as  Si4,  GaAs5,  6H-SiC6  etc.  Silicon  is  an  attractive  substrate  because  of  its  high  crystal 
quality,  large  area  size,  low  manufacturing  cost  and  the  potential  application  in  integrated  devices.  Therefore, 
GaN  and  related  materials  and  structures  grown  on  Si  are  possibly  promising  to  develop  new  generation  of 
devices  by  the  combination  of  Si-  and  HI-N  based  materials  and  technologies  in  the  21st  centuiy.  However,  due 
to  the  even  larger  difference  in  lattice  constant  and  thermal  expansion  coefficient  between  GaN  and  the  silicon 
substrate  compared  with  that  between  GaN  and  sapphire,  it  is  more  difficult  to  grow  high-quality  GaN  films 
and  structures  on  Si  substrates  than  on  sapphire. 

Buffer  layers  with  structure  constants  between  GaN  and  silicon  have  been  tried  to  be  grown  between  the  GaN 
thin  film  and  the  silicon  substrate  to  improve  the  quality  of  the  GaN  film.  These  include  AIN7,  carbonized 
silicon8,  nitridized  GaAs9,  oxidized  AlAs10,  Y-AI2O311  and  so  on.  Recently,  we  have  successfully  made  efforts  on 
the  growth  and  characterization  of  GaN  films  on  silicon  substrate  with  special  designed  composite  intermediate 
layers  (CIL),  and  some  good  results,  including  enhanced  photoluminescence  (PL)  emissions  and  LED 
applications,  have  been  demonstrated12,13. 

In  this  paper,  we  present  a  study  on  the  materials  properties  of  these  new  grown  materials.  The  GaN  films  are 
grown  on  silicon  substrate  with  specially  designed  composite  intermediate  layers  consisting  of  an  ultra-thin 
amorphous  Si  layer  and  a  GaN/AlGaN  multilayered  buffer,  by  low  pressure  metalorganic  chemical  vapor 
deposition  (MOCVD).  The  focus  is  on  the  structure  and  optical  properties  of  these  GaN  films  and  structures 
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such  as  InGaN-GaN  multiple  quantum  well  (MQW)  grown  on  Si  (100).  Various  characterization  techniques 
were  employed  in  these  studies,  including  X-Ray  Diffraction  (XRD),  Scanning  Electron  Microscopy  (SEM), 
Transmission  Electron  Microscopy  (TEM),  Fourier  Transform  Infrared  (FTIR)  spectroscopy,  Raman  scattering 
and  photoluminescence  (PL)  spectroscopy.  The  results  showed  that  good  quality  of  wurtzite  crystalline  GaN 
films  have  been  obtained.  The  film  surface  morphology  and  material  properties  are  improved  by  adjusting  the 
growth  conditions  and  buffer  layer  structural  design. 


2.  EXPERIMENT 


2.1.  Materials  Growth 

GaN  epitaxy  layers  were  grown  on  silicon(OOl)  substrates  by  metalorganic  chemical  vapor  deposition 
(MOCVD)  at  a  low  pressure  environment,  near  lOOTorr,  in  a  vertical  reactor.  Trimethylgallium  (TMGa), 
Trimethyaluminium  (TMAI),  and  high  purity  ammonia  (NH3)  were  used  as  Ga,  Al,  and  N  precursors, 
respectively,  and  hydrogen-diluted  silane  (SiH4)  was  employed  for  depositing  thin  amorphous  silicon  film. 
After  a  chemical  cleaning  process,  the  silicon(OOl)  substrate  was  heated  to  1030°C  under  hydrogen  ambient  for 
10  min  in  order  to  produce  a  clean,  oxide  free  surface  .  The  silicon  substrate  was  then  cooled  down  to  525°C 
and  an  ultra-thin  amorphous  silicon  film  was  deposited  onto  the  silicon  substrate,  subsequently,  a  three  period 
GaN/InGaN  multilayer  buffer  (MLB)  was  grown  on  the  top  of  the  formed  ultrathin  amorphous  silicon  film  to 
constitute  the  composite  intermediate  layers  (CIL).  Finally,  the  temperature  was  raised  to  1000°C  and  a  near  1 
pm  thick  unintentional  doped  GaN  epitaxy  layer  was  grown  on  the  surface  of  the  formed  CIL.  Mg-doped  p- 
type  GaN  films  and  InGaN-GaN  MQW  structures  were  also  successfully  grown  on  Si  (001)  substrates  with  the 
CIL  intermediate  buffers. 

2.2.  Characterization  Technology 

After  the  growth,  a  series  of  materials  characterization  techniques,  including  X-Ray  diffraction  (XRD), 
scanning  electron  microscopy  (SEM),  transmission  electron  microscopy  (TEM),  Fourier  transform  infrared 
(FTIR),  Raman  scattering  and  photoluminescence  (PL)  spectroscopy,  were  used  to  assess  the  GaN  films  and 
structures.  X-ray  diffraction  was  measured  using  a  Philips  X’pert  diffractometer  with  a  Cu  Ka radiation  source 
(1.54A).  The  SEM  image  of  the  sample  surface  morphology  is  taken  on  a  Philips  XL  30  machine.  The  TEM 
image  was  taken  on  PHILIPS  CM300  TEM  system.  TEM  sample  was  prepared  by  traditional  mechanical 
polishing,  dimpling  and  Ar+ion  milling,  cutting  bars  perpendicular  to  the  Si(l  10)  direction.  Photoluminescence 
(PL)  was  measured  with  a  Renishaw  UV-2000  microscope  system  with  a  He-Cd  laser  325  nm  line  for  the 
excitation.  Raman  scattering  measurements  were  performed  employing  a  Renishaw  visible-2000  microscope 
system  and  excited  by  the  514.5  nm  line  from  an  Ar+  ion  laser.  Fourier  transform  infrared  (FTIR)  reflectance 
spectra  were  measured  using  a  PEKIN  ELMER  FT-IR  system.  All  the  measurements  were  performed  at  room 
temperature  (RT). 


3.  STRUCTURAL  CHARACTERIZATION 


3.1.  X-ray  Diffraction 

X-ray  diffraction  (XRD)  0-20  profile  has  been  employed  to  characterize  the  MOCVD-grown  GaN  films  over 
the  CILs  on  Si  (001)  substrates.  A  typical  XRD  pattern  is  shown  in  Figure  1.  It  shows  a  strong  Si  (004)  peak  at 
~69°  from  the  substrate  and  (0001)  oriented  wurtzite  GaN  characteristic  peaks  at  -34.6°  and  -73°  due  to  the 
(0002)  and  (0004)  diffractions  of  the  wurtzite  GaN,  respectively.  The  full  width  at  half  maximum  (FWHM)  of 
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the  (0002)  GaN  peak  possesses  a  value  as  narrow  as 
~0.17°.  Such  narrow  value  and  the  observation  of  the 
high  order  GaN  (0004)  diffraction  peak  confirm  a  good 
crystalline  structural  quality  of  the  GaN  film  grown  on 
Si. 

Figure  1.  XRD  6-26 scan  for  an  undoped 
GaN/Si(  1 00)  with  CILs,  inserted  is  a  narrow 
scan  for  the  wurtzite  GaN(0002)  peak. 

Figure  2.  shows  a  XRD  pattern  of  another  MOCVD 
GaN/Si  sample.  The  spectrum  shows  strong  peaks  at 
32.4°  and  36.9°,  which  are  attributed  to  (1010)  and 


(1011)  diffraction  of  wurtzite  GaN,  respectively14. 
The  FWHM  of  the  wurtzite  GaN  (0002)  peak  at 
34.68°  is  about  0.20°.  The  surface  morphology, 
examined  by  SEM  and  AFM,  of  this  sample  is 
superior  than  the  one  in  Fig.  1.  It  is  interesting  to 
indicate  that  the  GaN  film  with  improved  surface 
morphology  showed  strong  XRD  wurtzite  GaN 
(1011)  and  (1010)  peaks  instead  of  only  (0002)  and 
(0004)  patterns.  This  corresponds  to  the  SEM 
observation  in  the  next  section. 

Figure  2.  XRD  6-2  6 scan  for 

an  undoped  GaN/Si(100)  with  CILs 


3.2.  Scanning  Electron  Microscopy 


(a)  (b)  (c) 

Figure  3.  SEM  plane-view  of  an  undoped  GaWSi(lOO)  with  CILs.  (a)  1 71,  (b)  1 77  and  (c)  205 

Figure  3  shows  the  SEM  plane-view  image  of  three  samples  (a)  171,  (b)  177,  (c)  205,  respectively.  In  Fig.  3  (a), 
the  average  size  of  the  grains  is  estimated  to  be  about  0.5  pm,  and  they  have  not  a  clear,  regular  shape, 
indicating  a  not  very  good  crystal  structure  of  each  grain.  In  Fig.  3  (b)  the  grain  shows  a  crystal-like  shape, 
which  indicates  a  inner  good  crystal  structure  of  each  grain.  The  estimated  average  size  of  the  grains  is  about 
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lpm.  In  Fig.  3  (c),  the  picture  shows  the  well-formed  crystal-like  grains  stacking  on  the  surface,  with  an 
estimated  average  size  of  about  1 .5  pm  and  maximum  grain  size  up  to  near  2  pm. 

3.3.  Transmission  Electron  Microscopy 


The  microscopic  structure  was  investigated  by  TEM.  Figure  4  shows 
the  low  magnification  TEM  cross  section  imaging  of  a  sample.  The 
figure  shows  a  number  of  notable  features.  First,  light  region  is  seen 
at  the  interface  of  the  Si  substrate  and  the  amorphous  Si,  a  light 
region  also  appears  at  the  GaN  film/CIL  buffer  layer  interface. 
These  light  regions  are  ascribed  to  the  volume  change  accompany 
the  conversion  of  Si  to  amorphous  Si,  InGaN  to  GaN  respectively9. 
Secondly,  we  can  see  from  the  figure  that  the  thickness  of  the  CILs 
is  about  0.12  micron,  and  it  shows  a  stratum  appearance,  accordance 
to  our  expectation  to  grow  CIL  buffer  layers.  Thirdly,  the  GaN  film 
shows  a  stack  of  disordered  crystal-like  grains,  identical  to  the  SEM 
result. 

Figure  4 .  Low  magnification  TEM  cross-section  image  of 

an  undoped  GaN/Si  (100)  with  CILs . 


Figure  5  shows  the  high  magnification  image  of  the  sample  on  high 
resolution  (HR)  TEM,  focusing  on  one  grain.  It  shows  a  perfect 
single  crystalline  structure. 

Figure  5 .  HR-TEM  cross-section  image  of 

a  un-doped  GaN/Si  (100)  with  CILs . 

Combined  with  the  XRD/SEM  results  obtained  in  the  last  two 
sections,  we  may  get  a  preliminary  structural  picture  for  our 
MOCVD-grown  GaN/Si  with  CILs.  The  grown  GaN  films  possess  a 
wurtzite  polycrystalline  structure,  consist  of  crystalline  grains.  Good 
quality  films  can  have  the  grain  sizes  up  to  2  pm.  Each  grain  is 
single  crystalline  wurtzite  GaN.  When  most  of  grains  are  with  the 
hexagonal  c-axis  along  the  substrate  normal  direction,  XRD  shows 


only  GaN  (0002)  and  (0004)  wurtzite  crystalline  patterns.  While  the  other  wurtzite  oriented  patterns,  such  as 


(1010)  and  (1011),  are  also  exhibited  for  some  samples.  This  indicates  that  these  samples  have  the  wurtzite 


crystalline  grains  oriented  with  the  hexagonal  c-axes  arbitrarily. 


4,  OPTICAL  PROPERTIES 

4.1.  Raman  Scattering 

Figure  6.  shows  a  Raman  spectrum  from  a  MOCVD-grown  GaN/Si  (001),  with  one  magnified  by  a  factor  of  30. 
There  shows  a  strong  band  at  520  cm-1  from  the  Si  substrate,  and  a  band  at  ~  300  cm'1  due  to  the  acoustic 
phonons  of  Si.  There  are  three  Raman  bands  representative  to  the  wurtzite  GaN:  phonon  modes  of  low  E2  at 
141  cm'1,  high  E2  at  567  cm'1  and  A^LO)  at  736  cm'1 15,16.  There  are  no  phonon  modes  related  to  wurtzite  phase 
GaN17  to  be  observed  in  our  Raman  spectra  of  GaN/Si  samples.  These  provide  a  further  confirmation  together 
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with  XRD  measurements  on  the  wurtzite  structural  nature  of  our  MOCVD-grown  GaN  materials  although  they 
were  grown  on  cubic  structural  Si  substrates. 


Figure  6.  Raman  spectra  of  a  un-doped  GaN/Si(100) 
with  CILs,  with  one  magnified  by  a  factor  of  30. 

& 

CO 

4.2.  Fourier  Transform  Infrared  Spectroscopy  Jj 

Figure  7  (a)  shows  the  measured  FTIR  spectrum  of  three  § 
samples:  #198,  #203  and  #171.  The  dip  at  737  cm'1  is  ro 
characteristic  of  the  wurtzite  GaN  A,(LO)  mode, 
corresponding  to  the  Raman  observation  in  Fig.  6. 

Another  dip  at  1,110  cm'1  is  from  the  Si02  stretching 
mode  due  to  the  oxygen  in  the  Si  substrate  or  a  partial 
oxidation  of  Si  wafer.  The  peak  at  ~567  cm'1  corresponds 
to  the  GaN  phonon  reststrahlen  mode,  close  to  the  E2 
Raman  mode,  observed  in  the  previous  Fig.  6.  The 
oscillation  features  beyond  1,200  cm'1  are  due  to  the 
interference  effects,  which  can  be  used  to  determine  the  GaN  film  thickness  non-destructively.  Further 
theoretical  analysis  of  the  FTIR  reflectance  from  these  GaN/Si  can  be  applied  to  obtain  further  information  on 
the  structural  features,  similar  to  the  FTIR  analysis  on  GaN/sapphire  systems  l8'19. 


Wave  Number  (cm'1) 


(b) 


Figure  7  (a).  FTIR  reflectance  spectra  over  the  range  of  400-6500  cm'1  of  three  MOCVD 
GaN/Si  with  CILs.  (b).  Phonon  reststrahlen  FTIR  reflectance  spectra  of  these  three  GaN/Si 
samples  with  a  theoretical  fit  in  solid  line. 


From  Fig.  7(a),  we  can  see  that  the  oscillation  features  beyond  1200cm'1  of  the  three  samples  are  different  each 
other.  The  #198  sample  displays  the  strongest  oscillation  while  #171  shows  the  weakest.  These  indicate  a 
difference  in  the  film/substrate  interface  properties,  further  detailed  explanation  is  under  pursuing. 

There  exist  also  obvious  difference  in  the  frequency  region  below  1000  cm'1,  i.e.  the  phonon  reststrahlen  band 
region.  Spectra  from  these  three  samples  in  this  frequency  region  are  re-displayed  in  Figure  7  (b).  There  can  be 
seen  clearly  two  peaks  A,  B  and  a  dip  C  in  the  spectra.  The  theoretical  calculation  of  the  reflectance  of  GaN  on 
Si  has  performed  by  us20.  This  is  based  on  the  GaN  dielectric  function  of  one  layer  model.  In  the  calculation, 
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the  phonon  parameters  from  GaN  grown  on  sapphire  were  used,  based  on  which,  the  spectra  of  GaN  on 
sapphire  were  fitted  very  well18,19. 

In  the  process  of  fitting,  the  following  relation  between  the  spectra  and  sample  property  parameters  can  be 
derived20:  the  position  of  peak  A  depends  on  the  film  thickness  and  the  dip  between  the  peak  A  and  B  is  caused 
by  interference  effect.  The  main  peak  B  is  due  to  the  E^TO)  phonon  mode  of  GaN.  The  rising  edge  of  peak  B  is 
affected  by  the  E^TO)  frequency,  so  E^TO)  can  be  obtained  through  the  fitting  (557  cm'1). 

It  could  be  observed  from  Fig.7  (b)  that  the  experimental  spectrum  of  GaN/Si  #198  agrees  best  with  the 
theoretical  calculation,  while  fits  are  not  so  matched  to  other  two  spectra.  Also  some  further  difference  between 
experiment  and  simulation  can  be  seen.  Comparing  the  spectra  among  the  three  samples,  the  reflectivity  varies 
significantly  both  for  the  top  of  the  reststrahlen  band  and  the  background  outside  the  reststrahlen  band.  The 
background  reflectance  measured  above  700  cm'1  is  higher  than  that  from  the  theory.  This  difference  in 
background  level  is  also  revealed  in  IR  of  GaN  grown  on  GaAs  and  GaP,  which  has  been  attributed  to  a 
possible  (unexplained)  experimental  artifact21.  These  fits  for  the  GaN/Si  systems  are  far  less  good  in 
comparison  with  the  theoretical  fits  on  the  GaN/sapphire  systems18,19.  The  results  of  Fig.  8  (b)  predict  that  the 
IR  spectral  shape  depends  on  the  detailed  microstructure  of  the  GaN  film  on  Si. 


Figure  8.  FTIR  reflectance  spectra  of  two 
InGaN-GaN MQW  on  Si  with  CIL. 

FTIR  spectroscopy  has  also  applied  to  analyze 
the  multiple  quantum  well  structures  grown  on  § 
Si  substrates.  Figure  8  shows  the  FTIR  ~ 
spectrum  of  two  InGaN-GaN  MQW  samples.  & 
Compared  with  Figure  7(a),  two  features  could  £ 
be  observed.  First,  the  peak  around  567  cm'1,  h 
E2j  of  wurtzite  GaN)  in  the  MQW  spectrum  is 
sharper  than  that  in  the  GaN  film’s.  Secondly, 
the  oscillation  features  beyond  1200  cm'1  of 
MQW  is  much  weaker  than  that  in  the  GaN, 
this  might  be  due  to  the  multiple  interface 
structure  in  the  InGaN-GaN  MQWs,  which 
weakens  the  interference  effect. 


4.3  Photoluminescence 

Figure  9.  RT  PL  spectrum  of  a  un-doped 

MOCVD  GaN/Si(100)  with  CILs. 

Figure  9  shows  the  room  temperature 
photoluminescence  spectrum  of  a  GaN/Si  sample.  RT 
PL  of  the  GaN  film  grown  over  the  CILs  on  Si  (001) 
substrate  possesses  a  strong  luminescence  emission 
peak  around  3.4  eV,  which  is  from  the  wurtzite 
crystalline  GaN  band  edge  emission.  In  the  early- 
grown  samples,  there  existed  weak  yellow-band 
emissions  observed12.  An  example  can  be  further  seen 
from  Figure  10.  It  shows  the  RT  PL  spectra  of  a 
MOCVD  GaN/Si  with  CILs(#171),  measured  under 
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different  excitation  power  levels  with  different  neutral  density  (NF)  filters.  When  measured  under  NF=2,  i.e. 
the  lowest  excitation  power  level,  the  defect  related  yellow  band  luminescence  (YL)  is  very  strong.  With 
increasing  the  excitation  power,  the  relative  intensity  of  the  YL  emissions  with  respect  to  the  GaN  band  edge 
3.42  eV  band  decreases.  This  distinguishes  the  transition  physics  natures  between  these  two  types  of  emissions. 
There  exists  a  third  type  of  emissions  spreading  between  2.6-3. 2  eV.  Its  dependence  with  the  excitation  power 
level  is  similar  with  the  3.42  eV  GaN  edge  band.  This  band  seems  with  the  domor-acceptor-pair  (DAP) 
transition  nature. 


With  the  improved  design  of  the  CIL  structure  and  the 
optimization  of  the  growth  conditions,  these  defects-related  yellow 
emissions  were  greatly  depressed  in  the  late  growth  runs,  with 
almost  no  defects-related  emissions  detected  in  the  energy  region 
of  1.75-2.8  eV.  This  indicates  a  great  improvement  of  the  material 
quality  of  MOCVD-grown  GaN  on  Si  with  CILs  inter-structure. 


Figure  10.  RT  PL  spectra  of  a  MOCVD  GaN/Si 
with  CILs (#17 2)  under  different  excitation  power  levels 
with  different  neutral  density  (NF)  filters. 


Figure  1 1  shows  a  RT  PL  spectrum  from  a  p- 
type  Mg-doped  GaN  film  grown  on  Si  (#378). 
Emissions  appear  below  the  GaN  band  edge 
emission  band,  spreading  down  to  the  2.5  eV 
with  a  peak  at  2.7  eV.  These  are  due  to  the  Mg 
acceptor  or  Mg-complexes  in  GaN.  The 
appearance  of  these  emissions  indicates  the 
activation  of  Mg-related  acceptors  in  annealed 
p-GaN/Si. 


Figure  11.  RT  PL  spectrum  of  a  MOCVD  p-GaN/Si  with  CILs  (#378). 


Figure  12  shows  a  RT  PL  spectrum  from  an  InGaN- 
GaN  MQW  with  CILs  grown  on  Si  (#381).  A  strong 
band  around  2.8  eV  besides  the  3.4  eV  GaN  edge 
band  is  seen,  which  is  due  to  the  transitions  from  the 
InGaN-GaN  MQW  structures.  The  quantum 
confinement  effects  have  produced  such  strong 
emissions. 

Figure  12.  RT  PL  spectrum  from  an  InGaN- 

GaN  MQW  on  Si(100)  with  CILs  (#381). 
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5.  CONCLUSION 


In  conclusion,  GaN  thin  films  and  multi-quantum  wells(MQW)  have  been  successfully  grown  on  silicon(OOl) 
substrates  with  specially  designed  composite  intermediate  layers  (CIL)  consisting  of  an  ultra-thin  amorphous 
silicon  layer  and  a  GaN/AlxGa,.xN  multilayered  buffer  by  low  pressure  MOCVD.  The  structural  and  optical 
properties  have  been  characterized  by  means  of  a  variety  of  analytical  techniques,  including  X-Ray  Diffraction 
(XRD),  Scanning  Electron  Microscopy  (SEM),  Transmission  Electron  Microscopy  (TEM),  Fourier  Transform 
Infrared  (FTIR),  Raman  scattering  and  photoluminescence  (PL)  spectroscopy.  The  TEM  and  SEM  image 
proved  a  stratum  structure  buffer  layer  and  a  polycrystalline  structure  film  composed  of  disordered  crystalline 
grains.  Scanning  electron  microscopy  exhibited  the  single  crystalline  grain  size  up  to  ~2  pm.  The  XRD,  Raman 
and  FTIR  spectrum  identified  the  wurtzite  crystalline  structure  nature  of  the  grown  GaN  films.  The  narrow 
XRD  GaN  (0002)  peaks  indicate  the  good  crystal  quality  of  the  films.  For  some  GaN/Si  samples,  XRD  patterns 
showed  strong  wurtzite  GaN  (1011)  and  (1010)  peaks  instead  of  only  (0002)  and  (0004)  patterns,  which  is 
related  to  the  improved  surface  morphology.  Photoluminescence  on  MOCVD-grown  GaN/Si  showed  strong 
GaN  near  edge  emission  at  3.4  eV,  related  to  the  wurtzite  crystalline  GaN,  and  with  only  very  weak  deep 
defect-related  emissions.  The  dependence  of  the  emission  intensity  on  the  excitation  power  is  different  between 
the  GaN  edge  band,  the  defect-related  yellow  emissions  and  a  DAP  transition.  The  quantum  confinement 
enhanced  strong  PL  emissions  are  obtained  from  the  InGaN-GaN  MQW  structures  grown  on  Si  substrates.  The 
film  surface  morphology  and  material  properties  are  improved  by  adjusting  the  growth  conditions  and  buffer 
layer  structural  design. 
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ABSTRACT 

InGaN  thin  films  were  grown  by  low-pressure  metalorganic  chemical  vapor  deposition  (MOCVD)  and 
characterized  by  photoluminescence  (PL)  with  variable  excitation  intensity  and  temperature,  room- 
temperature  cathodoluminescence  (CL),  high  resolution  X-ray  diffraction  (HRXRD),  scanning-electron- 
microscopy  (SEM)  and  atomic  force  microscopy  (AFM).  For  PL,  all  the  samples  show  dominant  peaks 
at  around  2.9  eV  and  extra  peaks  or  shoulders  at  2.8  eV  at  6K.  We  concluded  that  the  low  energy  peak 
is  due  to  the  localized  near-band  edge  transition  from  the  phase-separated  InGaN  mesoscopic  structure 
with  high  In-content.  The  strong  luminescence  of  the  low  energy  peak  at  room  temperature  is  due  to 
the  quantum  confinement  enhancement  in  the  form  of  nanostructures  or  quantum  dots.  AFM  images 
showed  that  phase-separated  InGaN  samples  have  inverted  hexagonal  pits  which  are  formed  by  the  In 
segregation  on  the  (10.11)  surfaces.  Room  temperature  cathodoluminescence  (CL)  and  images  at 
wavelengths  corresponding  to  the  GaN  band  edge,  the  In-poor  and  In  rich  regions  were  studied.  It  was 
shown  that  phase  separated  In-rich  regions  formed  at  the  periphery  of  the  hexagonal  pits. 

Keywords:  InGaN,  phase-separation,  MOCVD,  photoluminescence,  XRD,  cathodoluminescence. 


1.  INTRODUCTION 

The  development  of  blue  LEDs  and  laser  diodes  has  attracted  considerable  research  activities  on  the 
growth  of  GaN  based  III-V  nitrides.  The  band  gap  of  InGaN  can  be  varied  over  nearly  the  whole 
spectral  range  from  near  UV  to  red,  so  it  is  usually  used  in  active  regions  of  these  devices.  The 
difficulty  in  the  growth  of  high  quality  InxGa,.xN  alloys  is  mostly  due  to  the  trade-off  between  the 
epilayer  quality  and  the  amount  of  InN  incorporation  into  the  alloy.  Growth  at  the  high  temperatures  of 
approximately  800°C  typically  results  in  high  crystalline  quality  but  the  amount  of  InN  in  the  solid  is 
limited  to  low  values  because  of  the  high  volatility  of  In.  Lowering  the  growth  temperature  results  in  an 
increase  in  the  In  content  at  the  cost  of  reduced  crystalline  quality.  The  lattice  mismatch  and  different 
thermal  stability  of  the  two  constituents,  InN  and  GaN,  also  complicate  the  growth  of  InxGa,.xN.  The 
lattice  mismatch  can  lead  to  a  miscibility  gap1,  which  causes  the  fluctuation  of  In  content  across  the 
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film.  Singh  and  co-workers2,3,4  provided  strong  evidence  of  phase  separation  in  InGaN  thick  films 
grown  by  MBE.  Other  researchers  reported  phase  separation  in  thick  InGaN  films  grown  by 
metalorganic  chemical  vapor  deposition  (MOCVD).5,6  Tran  et  al.1  showed  that  when  phase-separation 
occurs,  InGaN  clusters  with  different  indium  compositions  can  coexist  and  that  the  high  brightness  in 
blue  and  green  LEDs  is  due  to  radiative  recombination  in  the  In-rich  InGaN  clusters. 

Recently  it  is  discovered  that  InxGa,.xN  layers  with  high  In-content  typically  show  an  additional  low 
energy  luminescence  peak8.  The  separation  of  this  peak  energy  from  the  band-edge  emission  energy 
increases  with  increasing  In-content.  The  deep  transition  responsible  for  the  low  energy  peak  dominates 
the  PL  spectra  at  room  temperature.  There  is  a  possibility  that  the  deep  transition  is  caused  by  phase- 
separation.  Another  possibility  is  that  the  formation  of  mismatch  dislocations  may  play  an  important 
role.  These  dislocations  are  formed  due  to  the  lattice  mismatch  between  the  InxGa,_xN  layer  and  the 
underlying  GaN  layer,  and  they  are  increased  with  increasing  In-content.  The  origin  of  the  low  energy 
peak  is  under  intensive  investigation. 

Wu  et  al.  reported  that  the  V-defects  initiate  at  the  threading  dislocations  in  one  of  the  quantum  wells 
from  a  Multiple  Quantum  Well  (MQW)  stack.  The  V-defect  is  correlated  with  the  localized  excitonic 
recombination  centers  that  give  rise  to  a  long-wavelength  shoulder  in  photoluminescence  (PL)  and 
cathodoluminescence  (CL)  spectra.  Jahen  et  al. 10  investigated  the  pinholes,  dislocations  and  strain 
relaxation  in  InGaN.  They  found  that  part  of  the  strain  was  reduced  elastically  by  formation  of 
hexagonally  facetted  pinholes.  Misfit  dislocations  were  observed  to  form  at  pinholes  that  reach  the 
InGaN/GaN  interface.  Sugahara  and  Sakai11  discussed  the  role  of  dislocation  in  InGaN  phase 
separation.  They  showed  that  the  dislocations  in  InGaN  act  as  nonradiative  recombination  centers  and 
confirmed  that  the  phase  separation  in  InGaN  is  caused  by  spiral  growth  due  to  mixed  dislocations. 
They  demonstrated  that  dislocations  with  the  screw  component  favor  the  formation  of  In-rich  regions. 
The  extra  combinations  of  the  dangling  bond  in  the  dislocated  areas  can  prevent  the  evaporation  of  InN 
during  the  InGaN  growth. 

In  this  paper,  we  report  on  an  investigation  of  phase-separated  InGaN  thin  films  grown  by  low-pressure 
metalorganic  chemical  vapor  deposition  (MOCVD).  Materials  were  studied  by  a  variety  of 
characterization  techniques,  such  as  photoluminescence  (PL),  cathodoluminescence  (CL),  high 
resolution  X-ray  diffraction  (HRXRD),  scanning-electron-microscopy  (SEM)  and  atomic  force 
microscopy  (AFM).  Various  features  from  these  measurements  and  spectral/morphology  analyses  were 
examined  and  correlated  to  the  InGaN  phase  separation  phenomena  and  mechanisms. 


2.  EXPERIMENTS 

The  four  samples  of  InxGa,.xN  films  were  grown  by  MOCVD  (Emcore  D125)  on  (0001)  sapphire 
substrates.  MOCVD  was  conducted  using  TMGa,  TMIn  and  NH3  as  precursors.  A  2  pm  thick  undoped 
bulk  GaN  was  first  grown  on  the  250A  thick  GaN  buffer  layer.  The  growth  temperature  was  530°C  and 
1050°C  respectively  for  the  GaN  buffer  and  bulk  layer.  After  deposition  of  the  GaN  bulk  layer,  the 
growth  temperature  was  lowered  down  to  about  700°C  for  the  deposition  of  InGaN.  The  InGaN  layer 
thickness  was  about  500A.  There  was  no  cap  layer  on  the  top  of  InGaN.  The  carrier  gas  was  H2  and  N2 
respectively  for  the  growth  of  GaN  and  InGaN.  The  samples  were  analyzed  by  photoluminescence  (PL) 
at  different  temperatures  using  He-Cd  laser  as  excitation  source  as  well  as  by  cathodoluminescence 
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(CL)  and  Scanning  Electron  Microscopy  (SEM)  at  room  temperature  (RT).  CL  measurements  were 
performed  with  an  acceleration  voltage  of  5  or  15kV  using  a  JOEL  6400  SEM  equipped  with  an  Oxford 
Mono  CL2.  High  resolution  X-ray  diffraction  (HRXRD)  20-0  scan  was  performed  with  a  Philps  X’pert 
system.  The  surface  morphology  of  samples  was  investigated  by  Digital  Instrument  III  Atomic  Force 
Microscopy  (AFM). 


3.  RESULTS  AND  DISCUSSIONS 


3.1.  Photoluminescence 


Figure  1  shows  the  low  temperature  PL  of  the  four  samples  (245kl,  245klA,  245klB,  245klC)  at  6.6K. 
The  In-contents  determined  by  HRXRD  are  16.19%, 

16.42%,  19.53%  and  20.02%  respectively.  All  the 
samples  exhibit  a  prominent  peak  at  around  2.94  eV.  The 
two  samples,  245kl,  245klA,  have  shoulders  at  2.87,  2.86 
eV,  respectively.  The  sample  245klB  has  a  low  energy 
peak  at  2.8  eV  and  an  even  lower  energy  shoulder  at  2.68 
eV.  The  sample  245klC  has  a  low  energy  shoulder  at  2.83 
eV  and  a  small  peak  at  2.68  eV. 

Figure  1.  Photoluminescence  (6.6  K)  of  four 

MOCVD-grown  In^Ga,  _XN/ GaN/sapphire  samples. 


One  possible  mechanism  that  gives  rise  to  the  extra  peaks 
or  shoulders  in  some  of  the  samples  is  the  near-band-edge 
transition  from  the  phase-separated  InGaN  mesoscopic 
structure  with  higher  In-content.  To  elucidate  the  nature 
temperature  of  the  sample  245klB  from  6.6  to  300  K. 

As  seen  in  Figure  2,  the  low  energy  peak  exhibits  a  rather 
complicated  (red-shift,  blue-shift,  red-shift  and  blue- 
shift)  temperature  dependence  which  is  similar  to  the  S- 
shaped  temperature  dependence  of  the  PL  peak  from 
InGaN  epilayers  and  InGaN/GaN  multiple  quantum  wells 
(MQWs),  reported  by  Cho  et  al. I2,13. 

Figure  2.  Temperature-dependent  PL  of  a 

MOCVD-grown  InxGa ,_xN/GaN/sapphire 

sample,  245klB. 

According  to  Cho  et  al. 12,n,  the  PL  peak  emission  shift  is 
correlated  with  a  change  in  carrier  lifetime  with 
temperature.  They  demonstrated  that  the  temperature- 
induced  S-shaped  PL  shift  is  caused  by  the  change  in 
carrier  recombination  dynamics  with  increasing 
temperature  due  to  inhomogeneities  in  the  InGaN 


E(eV) 

of  the  low  energy  peak,  we  varied  the 
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structures.  The  behavior  of  the  high  energy  peak  of  sample  245klB,  in  contrast  to  that  of  the  low 
energy  peak,  exhibits  a  red-shift  and  it  quenches  much  faster  than  that  of  the  low  energy  peak.  There  is 
a  possibility  that  the  carriers  relax  from  regions  with  lower  In  content  to  regions  with  higher  In  content 
by  means  of  emitting  phonons  or  Auger  electrons.  At  300K,  the  low  energy  peak  dominates  the  PL 
spectra  while  the  high  energy  peak  is  not  observable. 


One  may  argue  that  the  low  energy  peak  may  be  due  to  the  donor  acceptor  pair  (DAP)  transitions.  To 
further  clarify  this  question,  the  dependence  of  PL  on  excitation  power  was  measured.  With  an  increase 
of  excitation  power,  both  the  low  energy  PL  peak  and  high  energy  peak  show  no  blue-shift  which  is 
expected  for  a  DAP  transition  when  the  excitation  power  is  increased  as  seen  in  Figure  3.  Besides,  the 
time-resolved  photoluminescence  (TRPL)  measurements  on  these  samples14  gives  the  lifetimes  of  the 
two  peaks  of  several  ns.  The  similar  magnitude  in  lifetimes  of  the  two  peaks  infers  that  the  two  peaks 
actually  come  from  the  same  origin:  the 
near-band-edge  emissions  from  the  two 
regions  with  different  In  contents.  The  low 
energy  peak  can  not  come  from  the  DAP 
transition  which  usually  has  a  relatively 
long  lifetime  of  several  microseconds. 


Figure  3.  Excitation  power 
dependent  photoluminescence  of 
a  MOCVD-grown 
InxGa  ,_Jd/GaN/sapphire,  245klB. 


3.2.  High  Resolution  X-ray  Diffraction 


To  further  prove  the  phase-separation  of  the  sample,  we  performed  the  HRXRD  20  scan  of  the  sample 
which  was  shown  in  Figure  4.  The  peak  at  33.212  degree  corresponds  to  an  In-content  of  47.3%.  From 
the  excitation  power  dependent  PL  and  HRXRD,  we  can  confidently  exclude  the  possibility  that  the 
DAP  contributes  to  the  lower  energy  peak  of  PL  in  InGaN. 


Figure  4.  XRD  2  6  scan  of  a  MOCVD 
InxGa,_xN/GaN/sapphire,  245klB. 
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3.3.  Atomic  Force  Microscopy 
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Figure  5.  AFM  images  in  tapping  mode  of  four  Infiaj.fJ/GaN/sapphire  samples. 

Figure  5  shows  the  AFM  images  of  the  four  MOCVD-grown  Ir^Ga^N/ GaN/sapphire  samples.  The 
four  samples  exhibit  different  morphologies  and  all  the  samples  have  different  degree  of  spiral  growth 
mode.  According  to  the  spiral  mode  developed  by  Burton,  Carbera  and  Frank  (BCF  model)15,  the 
driving  force,  Ap,  to  grow  a  crystal  is  given  by  Ap«Qp2/KBT  where  KB  and  Q  are  Boltzmann  constant 
and  the  area  per  one  molecule,  respectively.  And  P  (the  free  energy  per  unit  length  of  a  step)  increases 
with  decreasing  temperature.  The  growth  velocity  of  adhesive  mode  is  proportional  to  Ap,  but  that  of 
the  spiral  mode  is  linear  to  (Ap)2.  Therefore  if  the  growth  temperature  decreases,  spiral  growth  should 
be  more  dominant.  The  phase  separation  takes  place  only  at  low  growth  temperatures,  and  dislocation 
triggers  nucleation  of  spiral  growth. 

The  morphology  of  the  sample  245k  1  has  undulation  but  it  does  not  have  “pits”  which  are  “pinholes” 
formed  at  ends  of  the  threading  dislocations  near  the  InGaN/air  interface.  The  sample  245klA  has  both 
large  (diameter  700nm)  and  small  (diameter  lOOnm)  “hexagonal  pits”  which  are  inverted  hexagonal 
pyramids  formed  at  one  end  of  TDs  .  The  sides  of  the  pits  are  (1011)  surfaces.  The  sample  surface  also 
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has  undulations.  The  sample  245klB  does  not  have  undulation  but  it  has  “rougher”  surface 
morphology  with  higher  density  of  both  large  and  small  “hexagonal  pits”  than  the  sample  245k  1  A.  The 
sample  245klC  has  very  high  density  of  tiny  “black  pits”  which  are  formed  by  the  termination  of  TDs. 

Northrup  et  a/.16  presented  a  first-principle  calculation  on  the  structure  and  enegertics  of  the  GaN(10.11) 
surface,  and  various  models  of  reconstruction.  A  strong  preference  for  Indium  surface  segregation  and 
occupation  on  specific  surface  sites  is  demonstrated.  Their  calculations  indicate  that  in  the  absence  of 
Indium,  the  equilibrium  pit  size  is  on  the  order  of  a  few  nanometers.  However,  the  segregation  of 
Indium  on  (1011)  surfaces  can  provide  a  strong  driving  force  to  reduce  the  surface  energy  and  thereby 
allow  the  formation  of  large  inverted  pyramid  defects. 

Comparing  Fig.  1  with  Fig.5,  we  found  that  the  sample,  245klB,  has  an  obvious  higher  density  of  both 
large  and  small  “pits”.  This  sample  also  has  the  strongest  low  energy  peak  which  is  attributed  to  the 
photoluminescence  from  the  phase-separated  In-rich  region.  Therefore,  it  is  concluded  that  the  sample, 
245klB,  has  the  highest  degree  of  phase-separation.  Besides,  our  experimental  results  verify  Northup’s 
calculations. 

3.4.  Cathodoluminescence  Spectrum 

Recently,  O’Donnell  et  al}1  reported  a  direct  observation  of  phase  separation  in  InGaN  and  showed  that 
the  phase  separation,  together  with  the  quantum  confinement  enhancements,  accounts  for  the 
surprisingly  high  efficiency  of  the  InGaN-based  diodes  manufactured  by  Nichia  Chemical  Industries. 
The  nanostructure,  in  the  form  of  nearly  pure  InN  quantum  dots,  occurs  across  a  large  range  of  average 
indium  content  in  InGaN.  In  our  experiments,  the  strong  luminescence  of  the  low  energy  peak  at  room 
temperature  may  be  due  to  the  quantum  confinement  enhancements  in  the  form  of  nano-structures  or 
quantum  dots  with  high  In-content  which  may  not  necessarily  be  pure  InN  dots  but  InGaN  dots  with 
high  In  content.  The  next  question  is  the  distribution  of  the  In-rich  QDs.  Are  they  uniform  or  do  they 
favor  particular  sites?  To  answer  this  question,  we  did  the  plan- view  CL  mapping. 

Figure  6  shows  the  room  temperature  CL 
spectra  of  the  four  samples  (245kl, 

245klA,  245klB,  245klC)  by  scanning 
the  incident  electron  beam  in  relatively 
wide  area  (10.6x8.lp.rn2).  The  CL  spectra 
of  sample  245klC,  and  245klB  exhibit  -g 

two  peaks.  The  peaks  with  longer  ^ 

wavelengths  were  attributed  to  band-edge  5 
related  transitions  in  the  In-rich  region.  •— 

o 


Figure  6.  Room  temperature 
CL  of  four  MOCVD-grown 
lnxGa j _J\V CiaN/s apphire  samples. 


Wavelength(nm) 
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3.5.  Scanning  Electron  Microscopy  and  Cathodoluminescence  Image 

Figure  7  shows  plan-view  SEM  (SEM  may  not  be  taken  at  the  same  region  as  the  AFM)  and  CL  images 
for  four  sample  245kl,  245klA,  245klB,  and  245klC,  respectively.  CL  images  were  taken  at  different 
wavelengths,  corresponding  to  the  GaN  band  edge  (364nm),  InGaN  In-poor  regions  (410nm,  414nm, 
424nm,  and  424nm)  and  In-rich  regions  (424nm,  432nm,  448nm,  and  454nm).  In  the  SEM  images,  all 
the  samples  have  “hexagonal  pits”  but  with  different  size  and  density.  Sample  245klB  has  the  highest 
density  of  “hexagonal  pits”  while  sample  245klC  has  the  largest  “pits”  with  a  diameter  of 
approximately  1  pm. 

For  any  one  of  the  four  samples,  the  band-edge  CL  at  364nm  is  not  uniform.  The  dark  spots  correspond 
to  non-radiative  recombination  centers  which  were  reported  to  be  related  with  dislocations".  The  CL 
from  the  In-poor  regions  is  also  not  uniform.  The  CL  from  In-rich  region  comes  only  from  the 
periphery  of  the  hexagonal  pits.  The  situation  is  most  clearly  shown  in  the  CL  at  454nm  of  sample 
245klC  where  the  CL  from  In-rich  regions  come  from  the  periphery  of  the  two  hexagonal  pits. 

The  conclusion  is  consistent  with  reference  18  in  which  a  big  difference  in  Indium  inhomogeneity  is 
found  between  InGaN  layers  grown  on  a  dislocation-free  homoepitaxi  GaN  and  a  dislocated  GaN  on 
sapphire.  The  assumption  of  higher  indium  incorporation  rate  at  dislocation  sites  is  reasonable,  if  the 
indium  evaporation  which  is  always  happening  at  InGaN  growth  temperature  is  taken  into  account. 
Even  if  the  deposition  rate  is  uniform  over  the  entire  surface,  the  evaporation  rate  at  the  dislocation  site 
must  be  slower  due  to  the  dangling  bonds  available  at  the  dislocation  sites. 


4.  CONCLUSIONS 


In  summary,  to  gain  insight  into  the  phase-separation  in  InGaN  thin  films,  we  studied  the  luminescence, 
morphology  and  X-ray  diffraction  features  by  means  of  PL,  CL,  SEM,  AFM  and  HRXRD.  The  low 
energy  peaks  in  low-temperature  PL  were  attributed  to  the  photoluminescence  from  the  In-rich  regions. 
The  anomalous  temperature-dependent  behavior  of  the  low  energy  peak  was  explained  in  terms  of 
potential  fluctuations  from  the  In-rich  region.  The  strong  luminescence  even  at  room  temperature  is 
explained  by  the  near-band-edge  emission  from  the  nanostructures  or  dots  formed  in  the  phase- 
separated  In  rich  regions.  AFM  shows  that  the  sample  with  a  higher  density  of  inverted  hexagonal 
pyramids  also  has  a  stronger  photoluminescence  from  the  phase-  separated  regions.  The  segregation  of 
In  on  the  (1011)  surfaces  allow  formation  of  large  inverted  pyramid  defects.  From  the  CL  mapping,  we 
found  that  the  phase-separated  In-rich  regions  formed  only  at  the  periphery  of  the  “hexagonal  pits”.  To 
achieve  blue,  green,  amber  and  even  red  LEDs,  one  way  is  to  optimize  the  phase-separated  In-rich 
region  to  have  appropriate  wavelengths  and  high  brightness. 
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ABSTRACT 

A  deep  level  with  the  activation  energy  around  0.45~0.6eV  has  persistently  appeared  in  GaN  samples  grown  by  hydride 
vapor-phase  epitaxy,  organometallic  vapor-phase  epitaxy  and  molecular  beam  epitaxy.  However,  the  origin  of  this  deep  level 
still  remains  unclear.  In  this  study,  we  investigated  this  deep  level  trap  E2  of  GaN  films  by  using  deep  level  transient 
spectroscopy.  The  GaN  films  were  grown  by  a  conventional  low  pressure  organometallic  vapor-phase  epitaxy  technique  with 
different  V/III  ratios.  Frequency-dependent  capacitance  measurement  was  performed  to  determine  the  most  proper  frequency 
for  capacitance  measurements  Capacitance-voltage  measurements  were  then  applied  to  obtain  the  carrier  concentrations.  The 
carrier  concentration  became  higher  as  the  flow  rate  of  NH3  got  lower.  The  deep  level  E2  is  found  in  GaN  samples  grown 
with  higher  V/III  ratios.  The  trap  concentration  of  level  E2  increased  with  increasing  NH3  flow  rate.  Compared  with  the 
theoretical  prediction  of  the  nitrogen  antisite  level  in  GaN,  the  level  E2  was  believed  to  be  related  to  nitrogen  antisites. 

Keyword  GaN,  deep  level,  organometallic  vapor-phase  epitaxy,  V/III  ratios,  frequency  capacitance,  antisite  defect,  DLTS 


INTRODUCTION 

Group  III-V  nitrides  have  wide  bandgaps  varied  from  1.9eV,  of  InN,  to  6.3eV,  of  AIN,  and  been  promising  materials  for  blue 
and  ultraviolet  optoelectronic  devices1,  high  temperature,  and  high  power  transisors2,3,  and  solar-blind  ultraviolet  detectors.4 
However,  the  progress  of  GaN  technology  has  often  been  limited  by  material  quality,  such  as  high  defect  densities. 
Therefore,  it  is  important  to  investigate  the  deep  level  traps  in  GaN.  Deep-level  transient  spectroscopy  (DLTS)  and  transient 
capacitance  methods  have  been  used  to  characterize  the  deep  level  traps  in  GaN  grown  by  hydride  vapor-phase  epitaxy 
(HVPE),  organometallic  vapor-phase  epitaxy  (OMVPE)  and  molecular  beam  epitaxy  (MBE).  Several  deep  level  centers  in  n- 
GaN  with  activation  energies  ranging  from  0.14-1.63eV  have  been  reported5*11.  Among  them,  a  deep  level  with  the  activation 
energy  around  0.45~0.598eV  has  been  observed  in  samples  grown  by  different  techniques5,6,7,9,10.  The  origin  of  this  deep 
level  still  remains  unclear.  In  the  present  study,  we  characterized  deep  level  traps  of  two  sets  of  GaN  films  by  using  deep- 
level  transient  spectroscopy  (DLTS)  and  transient  capacitance  method. 

EXPERIMENT 

Two  sets  of  n-type  GaN  film  were  discussed  in  this  study.  The  set  I,  fabricated  by  AXTRON  planetary  reactor,  contained 
about  4  pm  thick  Si-doped  GaN  layer  (labeled  Rl).  The  set  II  were  prepared  by  a  conventional  low  pressure  OMVPE,  and 
the  thickness  of  undoped  GaN  film  was  about  2pm.  The  detail  growth  procedure  had  been  described  elsewhere.12  The  Set  II, 
in  brief,  was  grown  by  a  conventonal  low  pressure  OMVPE  reactor  with  trimethylgallium  (TMG)  as  the  column  III  precursor, 
and  NH3  as  the  column  V  precursor,  respectively.  A  thin  (5 00 A)  GaN  buffer  layer  was  deposited  on  c-plane  sapphire 
substrate  at  525  using  TMG  and  NH3,  and  GaN  film  was  then  grown  at  1050  .  The  GaN  films,  set  II,  was  grown  with 
different  V/III  ratios.  The  flow  rate  of  NH3  were  2500  seem  2000  seem  1500  seem,  labeled 
GaN2500  GaN2000  GaN1500. 
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Pt/Au  and  Au  were  used  as  Schottky  contact  metal  on  set  I  and  set  II,  respectively.  Aluminum  was  deposited  a  large  area  on 
the  front  surface  as  an  ohmic  contact.  The  current-voltage  characteristic  of  Schottky  diode  at  room  temperature  was  well 
behaved.  To  determinate  the  most  proper  frequency  of  capacitance-voltage  (C-V)  and  transient  capacitance  measurements, 
conventional  capacitance-frequency  (C-F)  measurement  were  employed.  Capacitance-voltage  (C-V)  measurements,  to  obtain 
the  carrier  concentration,  were  taken  at  different  temperature  to  identify  whether  the  carrier  concentration  was  changing  with 
temperature.  A  DLTS  spectrometer  by  SUL  A  Technology  and  a  liquid-nitrogen  cryostat  operated  in  the  temperature  range 
between  90  and  530  K  was  used  DLTS  measurements.  For  the  DLTS  measurement,  a  100  ms  wide  pulse  at  0.3V  was  applied 
to  fill  the  electron  traps  in  GaN.  A  reverse  bias  of-3V  was  applied  to  remove  electrons  from  the  deep  level  in  the  depletion 
region,  and  the  capacitance  transient  was  detected  by  a  1MHz  capacitance  meter.  The  transient  capacitance  was  measured  by 
using  a  HIM  194  impedance  analyzer.  The  most  proper  measurement  frequency  used  to  do  the  transient  capacitance 
measurements  were  indicated  form  C-F  measurement. 

RESULTS  AND  DISCUSSION 

The  response  of  parallel  capacitance  (Cp)  to  the  frequency  of  GaN2500,  at  different  temperature,  is  demonstrated  in  Fig.l.  A 
Schottky  diode  can  be  simulated  by  a  simple  series  RC  alternating  circuit.  The  charging  and  discharging  of  trap  in  low 
frequency  can  follow  the  input  signal,  while  at  higher  frequency  series  resistance  would  affect  on  the  result  of  capacitance. 
The  abrupt  increasing  of  capacitance  at  lower  frequency,  as  shown  from  frequency-capacitance  measurement,  indicated  that 
there  are  deep  level  traps  in  GaN  films.  According  to  Fig.  1  the  range  that  the  parallel  capacitance  do  not  vary  with 
modulation  frequency  is  around  103~104Hz.  The  most  proper  capacitance-voltage  measurement  frequency  of 
GaN2000  GaN  1500  are  5KHz  lOKHz  as  suggested  by  C-F  measurement.  Figure  2  shows  the  carrier  concentration  of  set 
II  varies  with  measuring  temperature.  As  the  flow  rate  of  NH3  getting  lower,  the  free  carrier  concentration  became  higher  as 
indicated  in  Fig.  2.  The  large  background  carrier  concentration  is  usually  regarded  to  be  caused  by  the  large  amount  of 
nitrogen  vacancy13.  The  carrier  concentration  of  R1  is  1.1 84 x  1017  (cm’3)  from  the  similar  measurement. 
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Fig.  1  The  response  of  parallel  capacitance  to  frequency  of  GaN2500  at  different  temperature.  The  abrupt  increasing  of  Cp  at  lower 
frequency  was  caused  by  deep  level  traps  in  GaN  films,  and  the  proper  measurement  frequency  of  GaN2500  was  around  103~104Hz. 


Fig.  2  Carrier  concentration  of  set  II  varied  with  measurement  temperature.  Lower  the  NH3  flow  rate  higher  carrier  concentration  as 
indicated  in  Fig.  2.  The  large  background  carrier  concentration  is  usually  regard  to  cause  by  the  big  amount  of  nitrogen  vacancy. 
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The  results  of  DLTS  spectra  of  R1  are  presented  in  Fig.3  with  the  emission  rate  window  which  were  set  as  23.26  s_1  and  46.52 
s"1.  Two  distinct  levels,  labeled  E2  and  E4,  were  clearly  observed  on  Rl.  The  activation  energy,  AE,  and  the  electron  capture 
cross  section,  a,  of  each  deep  level  traps  were  extracted  from  Arrenius  plots  of  log(T2x)  versus  1000/T,  where  x  is  the 
capacitance  transient  time  constant  deduced  from  the  windows  setting  of  the  DLTS  system  and  T  is  the  corresponding 
temperature.  A  slop  of  linear  least  square  fit  to  each  set  of  data  obtains  the  activation  energy  of  each  deep  level.  The 
characteristics  of  level  E2  and  E4  are  listed  in  Table  1.  Arrhenius  plots  reveal  that  level  E2  was  closed  to  die  level  with 
activation  energy  of  0.49eV  found  by  Gotz  et  al5,  0.58eV  report  by  Hacke  et  al 6,  0.49eV  reported  by  Lee  et  al7,  0.598eV 
reported  by  Haase  et  al9,  and  0.578eV  reported  by  Wang  et  al I0.  Similarly,  level  E4  was  closed  to  l.lOeV  reported  by  Chen 
et  al%,  and  the  0.96  leV  reported  by  Wang  et  al 10. 


Fig.  3  DLTS  spectrum  measured  on  the  sample  Rl  with  emission  rate  windows  of  23.26'1  and  46. 52'1. 


Table  1.  Characteristic  of  deep-level  E2  and  E4  measured  by  DLTS  in  the  GaN  sample  Set  I  (Rl) 


Sample  ( Trap ) 

Nd  (cm’3) 

Nt  (cm‘3) 

AE(eV) 

ct  (cm'2) 

Set  I  .Rl  (E2) 

1.184xl017 

Ne2  =  4.258x1016 

0.556 

1.244x1 0"1 8 

(e4) 

NE3  =  6.01  lxlO15 

1.018 

3.310X10’19 

To  measure  the  transient  capacitance,  the  reverse  bias  voltage  of  -2V  was  first  employed  to  remove  electrons  from 
deep  level  traps  in  the  depletion  region.  The  capacitance  was  decreased  immediately  as  the  schottky  diode  was 
reverse  biased,  then  the  capacitance  was  increased  exponentially  to  a  constant  value.  To  extract  the  time  constants 
x  for  a  given  temperature  the  least  square  fit  of  an  exponential  function  was  employed.8  Sample  GaN1500  reveals 
only  two  levels,  labeled  as  E3  and  E5  Three  majority  traps,  labeled  as  E2,  E3  and  E5,  are  observed  in  GaN2000. 
GaN2500  illustrate  three  deep  level  traps,  i.e.  Ei,  E2  and  E3,  too.  The  activation  energy  and  capture  cross-section 
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for  E2  in  sample  GaN2000  is  0.554eV  and  5.905xl0'16cm2  which  correspond  to  the  defect  level  E2  found  in  Set  I 
as  illustrate  in  Arrhenius  plots.  The  activation  energy  and  capture  cross-section  for  E3  of  sample  GaN2000  is 
0.649eV  and  7. 169xlCT20cm2.  It  close  corresponded  to  0.665eV  reported  by  Hacke  et  al.6,  0.6eV  measurement  by 
Chen  et  al.*,  0.670eV  found  by  Haase  et  al.9,  0.657eV  found  by  Wang  et  a/.10  and  0.62eV  reported  by  Fang  et 
al.u.  The  activation  energy  AE  and  capture  cross-section  a  for  E5  in  sample  GaN1500  is  1.342eV  and  1.759x10' 
13cm2.  Level  E5  is  similarly  to  the  1.44eV  reported  by  Lee  et  al.1  and  1.27eV  reported  by  Chen  et  al*.  The 
concentration  of  deep  level  traps,  nt,  are  obtains  from  the  capacitance  transient  height,  assuming  uniform  trap 
distribution.  The  traps  concentration  of  set  II  is  demonstrated  in  Table  2. 


Table  2.  The  trap  concentration  of  set  II 


GaN  2500  (cm'3) 

GaN  2000  (cm'3) 

GaN  1500  (cm'3) 

E> 

2.092xl015 

- 

- 

e2 

1.754xl015 

1.608xl014 

- 

e3 

7.479xl015 

1.491xl015 

4.660xl015 

e5 

- 

1.382xl015 

1.398xl016 

The  fact  that  level  E2  appears  in  both  samples  grown  by  different  MOCVD  reactors,  and  different  growth  techniques,  i.e. 
MOCVD,  HVPE,  and  MBE,  indicates  that  level  E2  is  originated  either  from  a  native  defect  or  a  common  impurity  during  the 
growth  of  GaN  film.  The  trap  concentration  of  level  E2  increases  as  raising  the  NH3  flow  rate.  This  increment  implies  that 
level  E2  is  associated  with  either  the  increasing  of  nitrogen  atoms  or  decreasing  the  gallium  atoms.  If  level  E2  is  associated 
with  Ga  vacancy,  then  the  trap  concentration  of  E2  should  be  increased  as  the  carrier  concentration  is  decreased.  It  is 
contradictory  with  the  results  of  C-V  measurement.  Dow  and  Jenkins14  calculated  the  deep  level  trap  associated  with  Ga 
vacancy  was  acceptor  like.  However,  the  activation  energy  of  E2  is  closed  to  conduction  band,  and  it  is  donor  like.  The  deep 
level  traps  for  nitrogen  substitution  on  Ga  site  below  the  conduction  band  0.54eV,  as  indicated  by  Dow  and  Jenkins14,  was 
close  corresponding  to  the  activation  energy  of  E2.  In  addition,  Haase  et  al 9  demonstrated  that  deep  level  E2  could  be 
generated  by  nitrogen  implantation  and  subsequently  removed  by  thermal  annealing.  Therefor,  level  E2  is  interpreted  as  a 
result  of  the  N-antisite  defect. 

The  defect  level  E5,  which  also  found  in  samples  grown  by  different  techniques,  indicated  it  might  due  to  a  native 
defect  or  a  common  impurity  within  the  grown  process.  The  broad  photoluminescense  emission  band  near  560nm15  and  broad 
cathodluminescence  band  near  520nm16  is  thought  as  a  result  of  oxygen  in  GaN.  Chen  et  a/.8  have  suggest  that  level  E4  may 
be  due  to  the  oxygen  impurities  substitution  on  Ga  site.  The  theoretical  calculation  the  deep  level  of  oxygen  on  Ga  sites  is 
1.27eV,  while  it  closed  to  the  activation  energy  of  E5.  Thus  level  E5  is  believed  to  be  related  oxygen  impurities  on  Ga  site. 

CONCLUSION 

In  summary,  two  different  sets  of  GaN  films,  grown  by  different  organometallic  vapor  phase  epitaxy  (OMVPE),  are 
investigated  in  this  study.  DLTS  and  transient  capacitance  are  utilized  to  characterize  the  deep  center  in  GaN  layer.  Two 
distinct  levels  with  activation  energy  E2=0.556eV  and  E4=1.018eV  are  clearly  observed  on  sample  Set  I.  Four  majority- 
carried  traps  were  found  in  sample  set  II,  as  mention  above.  Trap  E2  is  believed  to  relate  with  nitrogen  antisite  defect,  since 
the  trap  concentration  increases  as  NH3  flow  rate  increases. 
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ABSTRACT 

We  report  the  results  of  the  investigation  of  the  structural,  surface  morphological,  and  optical  properties  of  GaN  films  grown 
by  hydride  vapor  phase  epitaxy.  These  films  were  grown  on  sapphire  substrate  with  no  intentional  dopings.  These  as-grown 
GaN  film  samples  with  thickness  ranging  from  5.58  pm  to  14.9  pm  were  investigated  under  room  temperature  conditions. 
The  surface  morphology  of  these  films  was  investigated  using  an  atomic  force  microscopy  (AFM).  The  root  mean  square 
(RMS)  values  of  surface  roughness  range  from  0.281  nm  to  0.133  nm.  The  thicker  films  show  lower  defect  counts  with  a 
defect  density  of  about  2  xlO8  cm"2.  The  structural  property  of  these  films  was  measured  by  double  crystal  X-ray  diffraction 
(DC-XRD).  The  full  width  at  half  maximum  (FWHM)  of  X-ray  diffraction  angle  decreases  as  the  film  thickness  increases 
with  a  lowest  FWHM  of  about  265.5  arcsec.  The  optical  properties  of  these  films  were  investigated  by  photoluminescence 
(PL)  measurement  at  room  temperature.  The  results  show  a  dominant  near  band-edge  UV  emission  peak  that  increases  with 
the  film  thickness  with  very  weak  yellow  emission  band. 

Keywords:  GaN,  wide  bandgap  material,  hydride  vapor  phase  epitaxy,  atomic  force  microscopy,  photoluminescence 

1.  INTRODUCTION 

The  group-III-nitrides  have  received  much  attention  recently.  Many  GaN-based  light  emitting  devices  such  as  blue  light 
emitting  diodes  and  blue  laser  diodes  have  been  realized1.  These  devices  are  commonly  grown  on  foreign  substrates  such  as 
sapphire  and  SiC  because  of  the  lack  of  availability  of  GaN  substrate.  However,  due  to  the  large  mismatches  of  lattice 
constant  and  thermal  expansion  coefficient  of  these  substrate  and  GaN,  the  GaN  device  wafer  structure  epitaxially  grown  on 
these  foreign  substrate  generally  have  poor  crystal  quality  such  as  high  defect  density  and  induced  stress  and  bowing.2  As  a 
result  the  reliability  of  the  devices  fabricated  on  these  substrates  may  be  affected.  For  realization  of  reliable  and  high 
performance  light  emitting  devices,  it  would  be  most  desirable  to  use  the  GaN  material  as  substrate.  Although  the  bulk  GaN 
material  is  not  readily  available  because  of  the  difficulty  in  the  growth  of  GaN  bulk  crystal,  thick  films  of  GaN  materials  can 
be  grown  using  Hyride  Vapor  Phase  Epitaxy(HVPE)  method.  Therefore,  there  may  be  possibility  of  using  HVPE  grown  thick 
GaN  material  as  the  substrate.  In  this  paper,  we  report  the  results  of  our  investigation  of  the  structural,  surface  morphological, 
and  optical  properties  of  a  series  of  HVPE  grown  GaN  film  samples  with  thickness  ranging  from  5.58  pm  to  14.9  pm. 

2.  EXPERIMENTS  AND  RESULTS 

We  investigated  the  crystal  quality  of  the  GaN  samples  using  the  double  crystal  X-ray  diffraction  (DC-XRD)  technique.  The 
DC-XRD  rocking  curves  were  recorded  and  the  full  width  half  maximum(FWHM)  of  this  curve  was  analyzed.  Fig.  1  shows  a 
typical  rocking  curve  of  a  7  pm  thick  GaN  sample,  which  has  a  clean  single  peak  with  FWHM  of  269.5  arcsec.  The  FWHM 
values  of  all  the  samples  measured  vary  from  535  arcsec  to  269.5  arcsec.  The  FWHM  values  show  a  general  decreasing  trend 
as  film  thickness  increases  indicating  better  crystal  quality  for  the  thicker  film. 

The  surface  morphological  properties  of  GaN  films  were  characterized  using  atomic  force  microscopy  (AFM).  The 
investigation  was  conducted  under  room  temperature  conditions.  We  used  a  Nanoscope  multimode  AFM  with  a  Si3N4  tip. 
The  AFM  is  operated  under  contact  mode  by  measuring  the  forces  between  a  probe  and  the  sample.  The  surface  topography 
is  obtained  by  scanning  the  tip  across  the  sample  with  a  typical  scan  area  of  1  pm  square.  Fig.  2  shows  a  typical  AFM  image 
of  a  14.9  pm  thick  GaN  sample.  As  shown  in  Fig.  2,  the  growing  pattern  of  GaN  film  is  clearly  observable,  so  are  the  defects 
appearing  as  small  dark  circular  dots.  The  defect  densities  estimated  from  the  AFM  image  to  be  approximately  2  xlO8  cm'2 
for  this  sample. 
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Fig.  1.  A  typical  rocking  curve  of  a  7  pm  thick  GaN  sample. 
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Fig.  2  Plan-view  AFM  image  of  a  14.9  pm  thick  GaN  film. 
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From  the  AFM  images  of  all  the  GaN  samples,  the  estimated  defect  densities  vary  from  1.8  xlO9  cm’2  to  2xl08  cm'2  with 
lower  defect  density  for  the  thicker  films.  These  estimated  defect  densities  are  either  lower  or  comparable  with  the  reported 
typical  defect  density  of  108-1010  cm’2  for  the  group-III-nitride  epilayers.3'5 

The  section  analysis  was  conducted  along  the  surface  growth  pattern  as  depicted  by  the  dark  line  drawn  in  the  AFM  image  of 
Fig.  3.  We  selected  the  marker  positions  on  the  line  to  obtain  the  RMS  of  surface  height  variation  between  the  two  markers. 
Fig.  3  shows  a  typical  section  analysis  data  of  a  7.0  pm  thick  film  along  with  the  AFM  image.  The  RMS  value  for  this  sample 
is  0.16  nm. 
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Section  analysis  data  were  obtained  for  all  different  thickness  samples  and  the  AFM  software  performed  both  section  analysis 
and  roughness  analysis  of  the  measured  data.  The  root  mean  square  (RMS)  values  of  the  surface  height  roughness  analysis 
and  sectional  analysis  data  were  obtained  for  all  samples.  Fig  4  depicts  the  RMS  variation  with  the  sample  thickness.  The 
RMS  values  of  sectional  analysis  fluctuate  between  0.273  nm  and  0.1 13  nm  with  no  apparent  correlation  with  film  thickness. 
The  14.9  pm  thick  film  has  tl le  lowest  RMS  value  of  0.113  nm.  While  the  RMS  of  surface  roughness  increases  from  0.154 
nm  to  0.281  nm  as  the  film  thickness  increases  except  for  14.9  pm  thick  film  which  has  a  lowest  value  of  0. 133  nm. 
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Fig.  3  The  section  analysis  of  7.0  pm  thick  GaN  film. 
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The  optical  properties  of  GaN  film  samples  were  investigated  by  ordinary  photoluminescence  (PL)  at  room  temperature.  A 
He-Cd  325-nm  laser  was  used  as  the  excitation  light  source  and  the  experiment  was  conducted  under  room  temperature 
conditions.  The  laser  power  incident  on  the  sample  was  about  15  mW.  Fig.  5  depicts  the  PL  spectra  of  the  GaN  samples  with 
film  thickness  ranging  from  5.58  pm  to  14.9  pm.  The  PL  spectrum  shows  a  strong  UV  emission  line  at  363.2±0.5  nm  and  a 
weak  370.4±0.9  nm  line  with  phonon  replicas,6  and  a  very  weak  yellow  band  fluorescence.  The  363.2  nm  line  seems  to 
correspond  to  the  near-band-edge  emission  and  the  intensity  of  this  line  increases  as  film  thickness  increases.  The  14.9  pm 
thick  film  almost  has  an  intensity  as  least  three  times  stronger  than  the  other  samples.  The  FWHM  of  the  UV  emission  line 
varies  from  4.73  to  7.44  nm  with  thicker  film  showing  narrower  linewidth.  The  yellow  band  emission  band  is  very  weak 
compared  with  the  UV  emission  line  indicating  relatively  good  crystal  quality  of  these  films. 


Fig.  4  Variation  of  RMS  values  with  GaN  film  thickness. 


Fig.  5  Room-temp erature  PL  spectra  of  the  HVPE-grown  undoped  GaN  samples. 
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3.  CONCLUSION 


In  conclusion,  we  have  investigated  the  crystal  quality  of  HVPE  grown  GaN  film  samples  with  thickness  ranging  from  5.58 
to  14.9  pm  under  room  temperature  conditions.  From  the  AFM  measurement  we  obtained  the  RMS  values  of  surface  height 
variation  ranging  from  0.1 13  nm  to  0.273  nm  with  the  lowest  RMS  value  of  0.1 13  nm  for  14.9  pm  film.  The  RMS  of  surface 
roughness  increases  from  0.154  nm  to  0.281  nm  as  the  film  thickness  increases  except  for  14.9  pm  thick  film  which  has  a 
RMS  of  0.133  nm.  We  also  estimated  the  defect  densities  of  these  films  and  found  the  thicker  films  have  lower  defect  density 
with  a  defect  density  of  2x1 08  cm'2  for  14.9  pm  thick  film.  From  the  double  crystal  X-ray  diffraction  measurement  data,  we 
observed  that  the  thicker  the  film,  the  more  perfect  is  the  crystal  quality  of  the  film.  All  the  samples  show  a  dominant  near¬ 
band-edge  UV  emission  with  very  weak  yellow  emission  band  indicating  relatively  good  crystal  quality  of  these  films.  Based 
on  these  preliminary  investigation  results  we  found  the  HVPE  grown  GaN  films  possess  relatively  good  crystal  quality  that 
could  be  a  promising  substrate  material  for  epitaxial  growth  of  GaN  devices  structures. 
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ABSTRACT 

A  comparative  study  on  GaN/sapphire  has  been  performed  by  transmission  electron  microscopy  (TEM)  and  infrared 
reflectance  (IR).  TEM  observations  reveal  that  both  the  undoped  and  Si  doped  GaN  epilayers  have  large  density  of 
threading  dislocations.  Dislocations  in  the  undoped  GaN  tend  to  form  open  core  structure,  while  dislocation  lines  in  the  Si- 
doped  GaN  are  very  sharp  and  the  strain  contrast  is  much  more  confined.  It  is  believed  that  Si-doping  causes  the  increase  in 
surface  energy,  resulting  in  the  change  of  dislocation  configurations  from  open  core  structures  in  undoped  GaN  to  much 
more  confined  dislocation  lines.  Frank  dislocation  loops  are  also  found  lined  up  at  a  depth  of  about  110±10  nm  from  the 
interface.  High  resolution  TEM  study  also  reveals  that  the  GaN  buffer  layer  grown  at  low  temperature  has  transformed  into 
its  thermodynamically  stable  wurtzite  structure  during  the  high  temperature  post-buffer  GaN  epilayer  growth  process.  The 
comparative  infrared  reflectance  shows  the  corresponding  behaviour.  The  interference  fringes  of  the  Si  doped  sample, 
compared  with  the  undoped  one,  shows  a  contrast  damping  and  reflectance  reduction  behavior,  suggesting  the  presence  of  a 
transition/defect  layer  near  the  interface. 


1.  INTRODUCTION 

With  the  progress  in  epitaxial  growth  techniques,  intense  research  interest  in  recent  years  has  been  concentrated  on  III-V 
nitrides.  These  nitrides  possess  large  direct  bandgaps,  extremely  high  hardness,  very  large  heterojunction  offsets,  high 
thermal  conductivity  and  high  melting  temperature.  When  grown  in  the  form  of  ternary  or  even  quaternary  compounds,  the 
bandgaps  can  also  be  tailored.  Therefore,  III-V  nitrides,  such  as  GaN,  AIN,  InN  and  their  ternary  compounds,  are  of 
significant  technological  importance  for  semiconductor  device  applications  in  the  blue  and  UV  wavelengths,  such  as  light 
emitting  diodes  and  semiconductor  lasers,  and  they  also  promising  candidates  for  high  temperature  and  high  power 
devices.1"6  In  recent  years,  GaN-based  blue  LEDs  and,  more  recently,  GaN-based  lasers  have  been  successfully 
fabricated.3"8 

In  spite  of  the  great  progress  in  IH-nitrides  growth,  there  are  still  some  technical  barriers  lying  ahead.9  One  of  the  challenges 
is  the  lack  of  suitable  substrate.  Sapphire  is  currently  the  most  commonly  used  substrate.  All  the  difficulties  in  hetero¬ 
epitaxy  exist  in  the  growth  of  GaN  on  sapphire:  different  chemistry  (GaN  and  A1203),  different  crystalline  structure 
(wurtzite  or  sphalerite  for  GaN  and  corundum  for  sapphire),  and  large  lattice  mismatch  (14%).  The  resulted  density  in  GaN 
is  very  high  (in  the  order  of  10lo/cm2),  even  in  high  efficiency  GaN-based  device.10,  11  Obviously,  it  is  of  significant 
importance  to  characterize  these  defects  so  as  to  get  a  thorough  understanding  of  the  defect  nature  and  formation 
mechanism.  A  thorough  understanding  will  facilitate  us  in  finding  a  way  to  reduce  the  defect  density  and  increase  the 
device  performance.  To  achieve  this  goal,  here  we  employ  both  high  resolution  TEM  and  FTIR  to  do  a  comparative  study  of 
the  interface  between  GaN  and  sapphire,  where  most  of  the  defects  originate. 

2.  EXPERIMENTAL 

GaN  films  were  grown  on  (lOOO)-plane  of  sapphire  substrate  by  metalorganic  chemical  vapor  deposition  (MOCVD).  A 
GaN  nucleation  layer  with  a  thickness  of  about  40  nm  was  first  grown  on  substrate  before  the  deposition  of  epilayer  GaN. 
Monosilane  (SiH4)  was  used  for  n-type  doping  of  GaN.  The  GaN  films  have  a  thickness  ranging  between  1.8  and  2.3  pm  in 
this  study. 
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TEM  cross-section  sample  was  prepared  using  the  commonly  adopted  grinding-polishing-ion-milling  method.  First,  two 
2.5x1. 5  mm2  pieces  of  GaN  were  cut  out  from  the  sample  and  then  glued  together  using  G1  epoxy.  The  glued  sample  was 
then  ground  and  polished  from  one  side  to  a  thickness  of  about  200  pm.  After  that,  the  polished  sample  was  mounted  to  a  O 
3mm  copper  grid,  with  the  polished  side  facing  done.  The  sample  was  then  further  ground/polished  to  a  thickness  of  about 
80  pm.  Following  this,  dimpling  was  applied  until  the  sample  was  about  15  pm  thick.  Finally,  the  sample  was  ion  milled  in 
a  Gatan  PIPS,  with  the  ion  beam  energy  set  at  4.5  kV  and  ion  milling  angle  at  ±  4°.  The  prepared  sample  is  then  observed  in 
a  field  emission  Philips  CM300  with  ultra  twin  objective  lens  design.  Room  temperature  infrared  reflectance  spectra  were 
measured  at  1  cm'1  resolution  using  a  Fourier  transform  infrared  spectrometer  at  near  normal  incidence. 

3,  RESULTS  AND  DISCUSSION 


3.1  TEM  investigation 

The  influence  of  dopant  on  dislocation  structures  is  studied  by  TEM.  Fig.  1  shows  the  bright  field  TEM  images  of  the 
undoped  GaN  GN900  (Fig.  1  (a))  and  Si-doped  GaN  GN654  (Fig.  1  (b)).  Both  images  show  high  dislocation  densities;  the 
threading  dislocation  density  in  undoped  GaN  is  about  9xl04/cm,  while  the  threading  dislocation  density  in  Si-doped  GaN  is 
lower;  it  is  about  6xl04/cm.  The  dislocation  structure  is  obviously  different  in  the  undoped  and  Si-doped  GaN.  In  the  Si- 
doped  GaN,  the  strain  contrast  caused  by  threading  dislocation  is  much  more  confined  and  sharp  dislocation  lines  can  be 
clearly  seen;  while  in  the  undoped  GaN,  the  strain  field  caused  by  threading  dislocations  is  much  broader,  and  the 
dislocations  tend  to  form  open  core  structures.  Small  pits  can  be  seen  at  film  surface  on  top  of  some  dislocations.  This  is 
supported  by  atomic  force  microscopy  (AFM)  observation  of  the  film  surface.  The  holes  at  the  surface  can  be  clearly  seen  in 
the  AFM  images  (Fig.  2).  There  are  more  holes  at  the  surface  of  undoped  GaN  than  at  the  surface  of  Si-doped  GaN,  and  the 
holes  at  the  surface  of  undoped  GaN  are  in  average  bigger  than  the  holes  at  the  Si-doped  GaN  surface. 

According  to  Frank’s  energy  competition  theory,12  whether  an  open  core  dislocation  structure  will  be  formed  or  not  depends 
on  the  balance  between  the  strain  energy  of  a  dislocation  core  and  the  extra  surface  energy  when  an  open  core  structure  is 
otherwise  formed.  In  other  words,  an  open  core  dislocation  will  be  formed  if  there  is  a  decrease  in  the  total  energy  by 
replacing  the  highly  strained  dislocation  core  with  an  empty  pipe.  The  essence  of  this  theory  is  that  open  core  dislocation 


Fig.l  Bright  field  TEM  images  of  (a)  undoped  GaN,  and  (b)  Si-doped  GaN. 
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structure  is  surface  energy  related.  We  have  already  found  in  our  AFM  study  that  different  dopant  can  cause  significant 
change  in  the  surface  morphology  of  GaN.  It  is  well  known  different  surface  morphology  is  related  to  different  growth 
mode,  which  is  a  result  of  different  surface  energy.  Therefore,  in  the  current  case,  we  believe  that  Si  doping  causes  the 
increase  in  surface  energy  of  GaN,  which  results  in  the  change  from  open  core  dislocation  pipes  to  more  confined 
dislocation  lines. 

It  should  also  be  noted  that  in  Fig.  1  (b)  there  are  Frank  dislocation  loops  located  at  a  distance  of  about  1 10±10  nm  from  the 
interface,  and  the  loops  seem  to  form  a  secondary  ‘interface5. 

The  high  resolution  images  of  GaN/Al203  interface  are  shown  in  Fig.  3.  Similar  to  Fig.  1,  the  undoped  GaN  shows  more 
obvious  strain  contrast,  especially  in  the  buffer  layer  region,  than  the  Si-doped  GaN.  Careful  examination  of  the  stacking 
sequence  of  the  atomic  planes  along  the  (0001)  direction  reveals  that  the  thermodynamically  unstable  sphalerite  structure 


Fig.2  AFM  images  of  (a)  undoped  GaN,  and  (b)  Si-doped  GaN. 


Fig.  3  High  resolution  TEM  images  of  (a)  undoped  GaN,  and  (b)  Si-doped  GaN. 
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Fig.  4  Electron  diffraction  pattern  from  GaN/sapphire  interface. 


formed  during  low  temperature  (550  °C)  buffer  layer  growth  has  transformed  into  thermodynamically  stable  wurtzite 
structure  after  the  high  temperature  (1040  °C)  epilayer  growth;  the  stacking  sequences  of  (0001)  planes  in  the  buffer  layer  is 
•ABABAB  •  for  wurtzite,  rather  than  -ABCABC*  ••  for  sphalerite  in  both  undoped  and  Si-doped  GaN.  Compared  with  the 
buffer  layer,  the  crystallinity  of  epilayer  is  much  better;  there  are  fewer  stacking  faults  in  the  epilayer.  Two  types  of 
common  stacking  faults,  extrinsic  and  intrinsic,  can  be  easily  found  in  the  buffer  layer  region.  The  extrinsic  stacking  fault  is 
formed  through  the  insertion  of  half  an  atomic  (0001)  plane,  where  the  stacking  sequences  changes  from  -BAB  ABABA— 
in  perfect  region  to  -BABACBCB-  in  the  faulted  region,  while  the  intrinsic  stacking  fault  is  formed  through  the  extraction 
of  half  an  atomic  (0001)  plane,  where  the  stacking  sequences  changes  from  — BABABABA—  in  perfect  region  to 
-BABACACA-  in  the  faulted  region. 

The  corresponding  electron  diffraction  pattern  is  shown  in  Fig.  4.  Two  sets  of  pattern  from  GaN  and  sapphire  respectively 
can  be  easily  distinguished.  Since  sapphire  possesses  a  smaller  lattice  parameter  than  GaN,  the  spacing  of  its  diffraction 
pattern  in  reciprocal  space  will  be  larger  as  compared  with  that  of  GaN.  From  the  indexing  of  this  diffraction  pattern,  it  is 
clear  that  the  electron  beam  is  coming  down  along  the  [11-20]  direction  of  GaN  or  [1-100]  direction  of  sapphire.  The 
orientation  relation  ship  between  GaN  and  sapphire  can  also  easily  defined  as  [1  l-20]GaN  //  [l-100]sapphire>  and  [-1 100]GaN  // 

[1 1  ’20]  sapphire- 

3.2  FTIR  investigation 

We  calculated  the  reflectance  of  layer/substrate  system  using  the  transfer  matrix  method,  in  which  an  arbitrary  number  of 
layers  can  be  included  and  interference  effects  within  the  films  are  automatically  included.13  The  treatment  of  uniaxial  films 
follows  the  method  of  Piro14  and  all  films  are  assumed  to  be  oriented  with  their  c-axes  perpendicular  to  the  surfaces  and 
interfaces.  This  assumption  is  proven  to  be  reasonable  by  X-ray  diffraction  which  shows  the  characteristic  (0002)  and 
(0004)  diffraction  patterns  of  hexagonal  GaN  with  c-axis  of  films  being  normal  to  the  surface.  We  treated  the  substrate  to 
be  semi-infinite  and  neglected  the  internal  reflections  within  the  substrate.  This  is  appropriate  for  our  samples  with  non¬ 
polishing  backside. 
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In  order  to  minimize  the  influence  of  substrate  reflectance,  a  Kramers-Kronig  transformation  from  the  experimental 
reflectance  of  sapphire  is  performed  to  accurately  determine  its  dielectric  function.15 

For  GaN,  its  dielectric  function  can  be  described  by  a  single  oscillator  model:16 

*  =  U1+-  - -A—)  (1) 

coTO  -co  -iyTOco  <o(co+iyp ) 

where  the  second  term  is  the  dispersion  due  to  phonons  and  the  third  term  arises  from  free  carriers.  Here  em  is  the  high 
frequency  dielectric  constant,  co^o  and  cojo  are  the  frequency  of  LO  and  TO  phonon,  Yto  is  the  damping  factors  of  the 
transverse  optic  modes,  cop  is  the  plasma  frequency  and  yp  is  the  electron  damping  constant,  respectively.  For  un-doped 
samples,  the  third  term  will  be  neglected. 

Fig-5  shows  the  experimental  IR  spectra  of  the  two  samples  GN900  and  GN654  (open  circles).  The  solid  lines  are  the 
calculations  with  a  simple  film/substrate  model.  The  parameters  used  in  Equation  (1)  for  the  GaN  film  are  listed  in  Table  I. 

For  sample  GN900,  it  is  can  be  found  from  Fig.5  that  the  simulation  agrees  well  with  the  experiment  for  the  whole  spectral 
regions.  This  indicates  the  good  crystalline  quality  of  the  film  for  this  sample.  The  successful  application  of  the  simple 
film/substrate  model  also  demonstrates  that  the  interface  of  film  and  substrate  is  abrupt.  This  is  in  agreement  with  our  TEM 
observations. 

For  sample  GN654,  fit  to  the  IR  reststrahlen  band  below  1200  cm-1  leads  to  a  carrier  concentration  of  6.3x1018  cm'3,  this 
value  is  very  near  to  that  by  Hall  measurement  (6.2x1018  cm'3).  In  this  spectral  region,  the  calculation  shows  poor  fits  to  the 
top  and  falling  edge  of  reststrahlen  band  for  higher  doping  sample  GN654.  This  "flat  top"  is  also  observed  in  SiC,17  the 
cause  of  which  is  not  known  yet. 

However,  in  the  spectral  region  beyond  1200  cm'1,  the  calculation  for  sample  GN654  shows  significant  deviation  from  the 


Wavenumber  (cm1) 


Fig.5  Infrared  reflectance  of  samples  N900  and  GN654.  Open  circles  are  experiments  and 

solid  lines  are  simulations. 
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Table  I  Parameters  used  in  Equation  (1)  for  IR 


£oo 

COLO 

©TO 

Yto 

coD 

Yp _ 

N900 

5.2 

742 

560 

5 

0 

0 

GN654 

5.2 

742 

560 

5 

700 

400 

experiment  for  the  interference  fringes.  For  the  film/substrate  system,  the  calculated  reflectance  values  at  the  fringe 
maximum,  Rmax,  and  minimum,  Rmin,  at  higher  photon  frequency  region  far  away  from  reststrahlen  peaks  are  independent  of 
photon  frequency.  However,  for  the  spectrum  of  sample  GN654  in  Fig.5,  the  experimental  interference  fringes  exhibit  an 
intensity  dependence  of  photon  frequency  even  at  far  away  from  reststrahlen  peaks.  We  plot  in  Figure  6a  the  fringe  contrast, 
defined  as  (Rmax“Rmin)/(Rmax+Rfliin),  of  the  two  samples.  It  can  be  seen  that  the  fringe  contrast  remains  almost  constant  for 
sample  N900,  while  it  decreases  with  increasing  frequency  or  fringe  number  for  sample  GN654. 


Fig.6  The  interference  fringes  contrast  and 
average  reflectivity  for  sample  N900  and 
GN654. 


The  damping  behavior  of  the  interference 
contrast  can  be  explained  by  the  presence  of 
an  interface  layer.  In  the  calculation,  the 
interface  layer  has  been  considered  simply  as 
a  mixture  of  GaN  and  voids,  and  their  optical 
constants  were  obtained  in  the  effective 
medium  approximation  using  the  Maxwell- 
Gamett  model.  Similar  interface  layer  was 
also  observed  in  reflectivity  study  of  GaN  on 
GaAs.18,  19  We  interpret  it  as  an  effective 
optical  transition  layer  induced  by 
imperfections  in  epilayer  near  the  interface. 

Fig.6b  shows  the  average  reflectivity  of  the 
two  samples  along  with  calculation.  The 
average  reflectivity  is  defined  as 
(Rmax+Rminy2.  As  shown  in  Fig.6b,  for 
sample  GN900,  the  average  reflectivity 
measured  is  independent  of  photon  frequency 
(17.7%),  However,  for  sample  GN654,  the 
average  reflectivity  at  higher  frequency 
decreases  to  14.5%.  This  phenomenon 
indicates  that  a  reflectivity  loss  mechanism 
also  occurs  in  sample  GN654.  Atomic  force 
microscopy  (AFM)  measurements  on  the 
surface  roughness  show  that  the  roughness  of 
our  samples  is  all  in  several  nanometers 
range.  Such  small  roughness  will  not  have 
considerable  influence  on  IR,  and  the 
observed  monotonically  decrease  of  average 
reflectivity  cannot  arise  from  surface 
scattering.  The  contributing  factor  should 
still  be  voids  related. 

As  observed  in  our  TEM  study,  sample 
GN654  has  many  Frank  dislocation  loops 
lined  up  at  a  distance  of  about  110±10  nm 
from  the  GaN/sapphire  interface.  Since  Frank 
dislocation  loops  are  formed  through  the 
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Fig.  7  Refitting  of  the  IR  reflectance  spectrum  of  GN654  after  an  interface  defect/void 
layer  is  assumed.  Good  fit  is  reached. 


collapse  of  voids,  our  above  void/GaN  assumption  is  reasonable.  After  taking  this  assumption  into  the  theoretical  model  and 
note  that  the  refractive  index  of  GaN  is  constant  at  regions  away  from  reststrahlen  bands,  a  good  agreement  with  experiment 
is  reached  (Fig.  7).  The  GaN/sapphire  interface  characteristics  can  be  obtained  from  the  damping  behavior  of  the 
interference  fringe  contrast.  The  percentage  of  voids  in  the  interface  layer  is  15%  and  the  thickness  of  interface  layer 
obtained  for  sample  GN654  is  0.09  pm,  which  is  quite  close  to  the  depth  of  Frank  dislocation  loops  observed  in  TEM. 
Recalling  that  the  threading  dislocation  density  is  higher  in  the  undoped  sample  GN900  than  in  the  Si-doped  sample 
GN654,  the  combination  of  FTIR  and  TEM  results  suggests  to  us  that  only  the  Frank  dislocation  loops,  parallel  to  interface, 
are  responsible  for  the  damping  and  reflectance  reduction  behavior  of  Si-doped  GaN,  and  the  influence  of  the  threading 
dislocations  nearly  perpendicular  to  the  interface  is  insignificant. 

4.  CONCLUSIONS 

The  influence  of  dopant  on  the  dislocation  structure  and  its  further  influence  on  IR  response  of  GaN  are  studied  by  TEM 
and  FTIR.  Comparative  TEM  and  FTIR  study  demonstrates  that  both  the  undoped  and  Si-doped  GaN  have  good  film 
quality  and  abrupt  GaN/sapphire  interface.  Dislocations  in  the  undoped  GaN  tend  to  form  open  core  structure,  while 
dislocation  lines  in  the  Si-doped  GaN  are  very  sharp  and  the  strain  contrast  is  much  more  confined.  In  the  Si-doped  GaN, 
nearly  continuous  Frank  dislocation  loops  are  formed  at  a  depth  of  about  110±10  nm  from  the  GaN/sapphire  interface,  and 
these  Frank  dislocation  loops,  which  are  parallel  to  the  interface,  are  responsible  for  the  damping  and  reflection  reduction  in 
the  IR  spectra  of  Si-doped  GaN.  In  addition,  the  orientation  relationship  between  GaN  and  sapphire  is  also  determined  by 
TEM. 
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Abstract 


Optically  pumped  surface  emitting  and  edge  emitting  stimulated  emission  behaviors  in  organic 
semiconductor  was  demonstrated  in  this  study.  For  the  surface  emitting  device,  the  microcavity  was 
formed  by  sandwiching  a  polymer  film  containing  PVK,  Alq  and  DCM  between  a  DBR  with  a 
reflectivity  of  99.5%  and  a  silver  film.  The  sample  was  optically  pumped  by  the  three  harmonic  of  a 
mode-locked  Nd:YAG  laser  with  300ps  pulses  at  2  Hz  repetition  rate.  The  lasing  phenomenon  was 
observed  in  DCM-doped  PVK  microcavity  when  pumped  above  the  threshold  intensity  of 
0.25MW/cm2.  The  full  width  at  half  maximum  (FWHM)  was  0.6nm  with  the  peak  wavelength  at 
603nm.  For  the  edge  emitting  device,  a  laser  dye  DCM  doped  Alq  matrix  was  used  as  the  gain 
medium.  The  sample  was  transversely  pumped  by  the  three  harmonic  output  of  the  mode-locked 
Nd:YAG  laser.  The  change  of  the  emission  spectra  showed  a  clear  threshold  action  and  gain  narrowing 
phenomenon  when  increasing  the  excitation  intensity.  The  spectra  narrowing  observed  results  from  the 
amplified  spontaneous  emission  (ASE)  in  the  gain  material. 

Keywords:  organic  semiconductor  lasing,  microcavity,  optically  pumped  laser,  surface  emitting, 
edge  emitting,  stimulated  emission,  amplified  spontaneous  emission 

1.  Introduction 

Since  the  first  report  of  polymer  lasers  based  on  poly(p-phenylene  vinylene)  (PPV)  with  the 
microcavity  by  Friend's  group1  and  on  poly[2-(2'-ethylhexyloxy)-5-methoxy-l,4-phenylene  vinylene] 
(MEH-PPV)  film  without  the  microcavity  by  Heeger’s  group2  in  1996,  organic  semiconductor  lasing 
has  attracted  much  attention  because  of  its  academic  interest  and  potential  application  in  modem 
display  technology  and  integrated  optics  field  3'10.  A  variety  of  organic  semiconductor  materials 
including  conjugated  polymers  and  small-weight  organic  molecules  have  been  reported  to  exhibit 
lasing  behavior"'15.  In  this  paper,  we  present  the  optically  pumped  surface  emitting  and  edge  emitting 
lasing  behaviors  in  organic  semiconductor  film. 

2.  Experimental 

Two  kinds  of  devices  were  fabricated.  A  microcavity  structure  was  used  in  the  surface  emitting  device. 
The  microcavity  is  sandwiched  between  a  distributed  Bragg  reflector  (DBR)  and  a  Ag  metal  reflective 
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mirror,  as  shown  in  Fig.l.  The  film  of  blend  of  PVK,  Tris(8-quinolinolato)  aluminum  (Alq)  and  DCM 
was  used  as  the  active  layer.  The  DBR  consists  of  one  quarter-wavelength  dielectric  layers  stack  with 
alternating  high  and  low  index.  The  high-index  material  is  Ti02  with  a  refractive  indices  nH  of  2.0. 
The  low-index  material  used  here  is  Si02  with  a  refractive  indices  nL  of  1.46.  The  DBR  mirror  has  a 
reflectivity  of  99.5%  at  normal  incidence  with  wavelength  band  from  580  to  620  nm.  The  DBR  was 
electron-beam  evaporated  on  the  quartz  substrate.  A  solution  of  40mg  PVK,  25wt%  of  Alq  and 
0.05wt%  of  DCM  in  2ml  of  chloroform  was  spin-coated  onto  DBR  to  make  the  polymer  film.  The 
film  thickness  can  be  controlled  through  adjusting  the  solution  concentration  or  turning  speed  of  spin¬ 
coating  machine.  The  thickness  of  the  DCM:Alq:PVK  film  was  about  200nm.  Finally  Ag  metal 
layer  of  300nm  thick  was  deposited  on  the  organic  layer,  which  serve  as  the  top  reflector  of  the  cavity. 


Fig.l.  The  structure  of  polymer  Fig.2.  The  experimental  schematic 

surface  emitting  microcavity.  setup  of  the  edge  emitting  device. 

For  an  edge  emitting  device,  the  film  of  laser  dye  DCM  doped  Alq  matrix  was  used  as  the  emissive 
layer.  It  was  made  by  vacuum  depositing  Alq  and  DCM  simultaneously  on  the  quartz  substrate  in  a 
vacuum  of  lxlO'3Pa  to  form  a  noncavity  film  structure.  The  thickness  of  the  DCM/Alq  film  was  about 
300nm.  The  experimental  schematic  setup  of  the  edge  emitting  device  is  shown  in  Fig.2.  The  pump 
beam  was  focused  onto  the  sample  using  a  cylindrical  lens  (f=10cm)  to  obtain  an  excitation  area  of  a 
10x0.2mm2  stripe.  The  emission  of  the  film  was  detected  from  either  the  front  or  the  edge  of  the  film. 
The  edges  of  the  sample  were  polished  to  make  the  edge  of  the  film  smooth  and  sharp,  which  is  very 
important  for  the  output  of  the  emission. 

The  photoluminescence  (PL)  and  excitation  emission  spectra  were  recorded  on  a  Hitachi 
Spectrophotometer  F4500.  The  third  harmonic  output  (355nm)  of  a  mode-locked  Nd:YAG  laser  was 
used  as  the  excitation  source.  The  pulse  width  was  about  300ps.  The  repetition  rate  was  2Hz.  The 
refractive  index  of  the  film  was  measured  by  prism  coupling  method.  All  these  experiments  were 
performed  in  the  air  at  room  temperature. 

3.  Results  and  discussion 


3.1.  Surface  emitting  device 

Fluorescence  spectrum  of  the  DCM:Alq:PVK  film  and  lasing  spectrum  obtained  from  the  polymer 
surface  emitting  microcavity  are  shown  in  Fig.3  and  Fig.4,  respectively.  Lasing  phenomenon  was 
observed  when  the  monopulse  pump  intensity  reached  0.25MW/cm2  (threshold  intensity).  When  the 


monopulse  pump  intensity  go  up  to  0.34MW/cm2,  the  full  width  at  half  maximum  (FWHM)  of  the 
lasing  peak  is  0.6nm  with  the  peak  wavelength  at  603  nm.  In  the  experiment,  it  was  found  that 
microcavity  is  the  key  structures  for  achieving  high  gaining.  Such  a  structure  will  alter  the  emission 
properties  of  any  emitter  within  the  microcavity.  The  geometry  of  the  microcavity  alters  the 
spontaneous  emission  rate  of  the  emitting  dipoles  therein,  allowing  emission  only  at  the  resonance 
wavelengths  of  the  cavity.  This  narrows  the  broad  emission  spectrum  of  conjugated  polymer.  This 
DCM-doped  polymer  film  as  a  gain  medium  made  it  possible  that  polymer  microcavity  laser  was 
realized. 


Wavelength  (nm) 


Fig.  3.  Fluorescence  spectrum  of 
DCM:Alq:PVK  film 


Wavelength  (nm) 


Fig.4  The  lasing  spectrum 
obtained  from  the  surface  emitting 
microcavity 


3.2.  Edge  emitting  device 

The  fluorescence  and  excitation  spectra  of  the  DCM/Alq  film  were  achieved  at  a  low  excitation  pulse 
energy  of  0.1  pJ,  as  shown  in  Fig.5.  It  was  shown  that  the  emission  peak  of  the  DCM/Alq  film  is 
located  at  about  620nm,  which  indicates  that  the  emission  of  the  DCM/Alq  film  results  from  that  of 
the  DCM  molecules. 


Fig.5  The  Excitation  (dash)  and  PL  (line)  spectra  of  the  DCM/Alq  film 
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Fig.6  The  edge  emission  spectra  of 
the  film  of  DCM/Alq  at  different 
excitation  pulse  intensity 


Fig.7  The  edge  emission  (line)  and  surface 
emission  (dash)  spectra  of  the  film  of 
DCM/Alq  at  the  excitation  pulse  intensity  of 
1.38MW/cm2. 


The  emission  spectra  of  the  DCM/Alq  film  transversely  pumped  at  different  pulses  intensities  were 
illustrated  in  Fig.6.  It  shows  that  the  emission  spectrum  of  the  sample  comes  from  the  spontaneous 
emission  when  pumped  at  a  low  excitation  intensity.  The  peak  at  618nm  (curve  b)  became  dominant  at 
pump  pulse  intensity  of  0.51  MW/cm2.  Observing  from  the  sides  of  the  sample,  a  bright  dot  at  the  end 
of  the  pump  stripe  could  be  seen,  which  didn’t  exist  at  low  excitation  intensity.  The  spectra  showed  a 
dramatic  narrowing  when  pump  pulses  intensity  above  this  one.  From  the  changes  of  the  spectra 
detected  at  different  pump  energies,  the  excitation  threshold  intensity  of  gain  narrowing  was  about 
0.4MW/cm2.  At  excitation  pulse  intensity  of  1.38MW/cm2,  the  spectrum  was  narrowed  with  the  peak 
at  616nm,  the  FWHM  of  which  was  only  18nm.  It  was  believed  that  the  gain  narrowing  spectra 
illustrated  in  Fig.6  were  due  to  the  amplified  spontaneous  emission  (ASE)  guided  in  the  blend  film. 
The  refractive  indices  of  the  substrate,  the  air  and  the  film  are  1.46,  1  and  about  1.6,  respectively.  The 
refractive  index  of  the  film  is  greater  than  that  of  the  surrounding  media,  so  substrate/film/air  actually 
constitutes  an  asymmetric  planar  waveguide.  The  emission  light  in  accordance  with  waveguide 
modes  can  propagate  in  the  film.  During  this  process  population  inversion  in  the  excitation  area  can  be 
achieved  if  the  pump  pulses  energy  is  high  enough,  then  the  spontaneous  emission  will  be  amplified 
along  the  stripe  gain  area.  Consequently  the  spectrum  will  be  enhanced  and  narrowed  at  the  SE 
wavelength. 

The  emission  spectrum  of  the  DCM/Alq  film  detected  from  the  film  surface  and  from  the  edge  at 
excitation  pulse  intensity  of  1.38MW/cm2  is  shown  in  Fig.7.  The  spectrum  still  exhibited  the 
spontaneous  emission  properties  when  detected  from  the  surface.  So  the  spectral  gain  narrowing  was 
observed  only  in  the  parallel  direction  of  the  film.  This  confirmed  that  the  gain  narrowing 
phenomenon  shown  in  Fig.6  was  due  to  the  waveguided  ASE  in  the  film. 


4.  Conclusion 

In  conclusion,  we  have  shown  the  optically  pumped  lasing  phenomenon  in  DCM:Alq:PVK 
microcavity.  The  stimulated  emission  peak  was  located  at  the  peak  of  603nm  with  a  linewidth  of 


0.6nm.  The  threshold  pump  intensity  for  lasing  was  estimated  to  be  about  0.25MW/cm2.  A  waveguide 
structure  of  quartz/DCM:Alq/air  was  employed  for  the  edge  emitting  lasing.  The  change  of  the 
emission  spectra  showed  a  clear  threshold  action  and  gain  narrowing  phenomenon.  The  spectra 
narrowing  observed  is  believed  to  be  resulted  from  the  ASE  in  the  gain  material. 
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ABSTRACT 

We  have  designed  a  new  type  of  folding  suspended  polysilicon  micro-mirror,  integrating  a  new  type  of  precision 
position-lock  (top  lock),  a  new  compact  design  for  the  hinges  and  a  bi-directional  electrostatic  actuator  to  bias  the 
position  of  the  mirror.  The  mirror  is  intended  to  be  used  in  a  very  short  external  cavity  laser  configuration  («  10^m) 
for  acceleration/displacement  sensing.  An  extensive  theory  has  been  build  to  guide  the  design  and  the  fabrication  of 
the  sensor. 

After  probe  assembly,  the  mirror  has  been  actuated  with  a  low-noise  comb-drive  actuator  and  the  A/2  range  (0.4 
Mm)  required  to  bias  optimally  the  external  cavity  laser,  is  obtained  with  a  bit  less  than  10V,  compatible  with  CMOS 
circuitry.  The  spring  constant  of  the  mirror  suspension  is  about  0.38  N/m  while  the  mass  of  the  suspended  mirror 
is  slightly  less  than  2  fj.g,  yielding  a  mechanical  sensitivity  to  acceleration  of  about  50  nm/g. 

Using  the  mirror  in  an  external  cavity  configuration  with  a  Fabry-Perot  laser  diode  at  0.8  pm  provides  an  intensity 
modulated  signal  with  an  expected  displacement  resolution  of  about  0.05  nm,  limited  by  the  mechanical  structure. 
It  will  provide  a  sensitivity  to  acceleration  in  the  yug  range.  We  show  theoretically  that  the  linear  range  is  about  3 
orders  of  magnitude,  but  depends  on  the  amount  of  light  feedback  in  the  laser  cavity. 

Keywords:  optical  MEMS,  external  cavity  laser,  ultra-short  cavity,  accelerometer 

1.  INTRODUCTION 

Optical  sensing  of  displacement,  acceleration1  or  vibration2  is  an  interesting  application  of  microsystem  technology. 
The  existing  product  are  mainly  based  on  capacitive  sensing  of  displacement,  which  require  a  state-of-the  art  elec¬ 
tronics  for  the  detection.  In  the  other  hand  interferometric  optical  method  may  yield  simple  displacement  detection 
by  coding  it  in  light  intensity.  An  external  cavity  laser  configuration,  where  the  external  mirror  is  movable,  has 
shown  here  an  advantage  over  standard  arrangement  by  improving  the  displacement  sensitivity.  A  massive  device 
using  this  principle  has  shown  a  large  linear  range  over  about  5  orders  of  magnitude3  without  feedback,  a  feat  not 
attained  by  the  capacitive  detectors.  This  characteristic  seems  very  interesting  and  calls  to  investigate  the  possibility 
to  develop  a  rugged  and  compact  version  of  the  sensor  using  the  MEMS  technology. 

A  schematic  of  the  basic  structure  is  shown  in  Fig.  1.  In  order  to  obtain  a  simple  device,  we  have  chosen  a  silicon 
suspended  flat  mirror  without  external  coupling  optics.  However,  we  will  see  that  the  sentivity  of  the  device  is  better 
with  a  stronger  feedback,  thus  it  needs  a  very  short  external  cavity,  where  the  diffraction  loss  will  be  small.  Moreover 
the  change  of  intensity  induced  by  the  displacement  of  the  external  mirror  will  be  shown  to  present  a  periodicity 
of  A0/2  and  to  posses  a  maximum  in  this  range.  Thus,  to  obtain  the  best  sensitivity,  the  mirror  should  allow  for 
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Figure  1.  Schematic  of  an  accelerometer  based  on  an  external  cavity  laser  configuration.  The  mirror  is  suspended 
and  the  distance  1  change  when  an  acceleration  is  applied  to  the  support.  The  actuator  applies  a  constant  force  to 
offset  the  position  of  the  mirror  to  the  laser  facet. 


an  accurate  displacement  in  a  similar  range.  The  standard  mirror  designs4’5  can  not  fulfil  easily  these  targets.  We 
have  designed  a  new  type  of  folding  polysilicon  mirror,  integrating  a  new  type  of  precision  position-lock,4  the  top 
lock,  and  a  new  compact  hinge  design6  to  bring  the  mirror  within  10  /im  of  the  laser  facet.  Moreover,  the  mirror 
is  integrated  with  a  bi-directional  electrostatic  actuator  to  bias  precisely  its  position,  relaxing  the  constraint  on  the 
initial  positioning  of  the  diode  laser. 


2.  SHORT-CAVITY  COUPLED  LASER  ACCELEROMETER 
2.1.  Accelerometer 

An  accelerometer  attached  to  an  accelerating  support  is  schematically  represented  in  Fig.  2.  The  spring  represents 


Figure  2.  Mechanical  schematic  of  an  accelerometer  attached  to  an  accelerating  support.  Coordinate  axes  are  in 
an  inertial  (non- accelerating)  frame  of  reference. 

the  suspension  of  the  mass  linking  the  mass  to  the  support  while  the  dashpot  includes  all  the  damping  forces  existing 
in  the  system  that  are  combined  together  using  the  principle  of  equivalent  damping.  We  can  then  write  the  equation 
of  motion  of  the  mass  as7: 

rrtx  —  —  c(x  —  y)  —  k(x  —  y),  (1) 

where  x  and  y  are  the  displacement  of  the  mass  and  the  support  with  respect  to  an  inertial  reference  frame.  Intro¬ 
ducing  the  relative  displacement  of  the  mass  and  the  support  z  ~  x  —  y  we  obtain  the  usual  equation  of  motion, 
relating  the  acceleration  of  the  support  to  the  relative  displacement  between  the  mass  and  the  support, 

mz  +  cz  +  kz  =  —my.  (2) 

Solving  this  equation  for  an  harmonic  excitation  (y  =  Y  sin  (cot))  we  find  the  relationship  between  Z  and  the  amplitude 
of  acceleration  Y  =  u)2Y  given  by: 

Y 

z=  7  ■■  (3) 

-0,2)2  + (i^)2 
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where  u>0  =  yjkjm  is  the  resonance  frequency  of  the  undamped  system  and  Q  —  muj^/c  the  quality  factor.  When 
the  system  is  used  as  an  accelerometer  we  operate  it  at  uj  <C  u?o  and  we  have 


ZkY/wI 


(4) 


We  see  that  if  we  can  measure  Z  we  will  know  the  acceleration  of  the  support.  Moreover  this  equation  revels 
that  a  trade-off  exists,  and  a  large  sensitivity  will  be  obtained  at  the  expense  of  a  small  bandwidth.  For  a  resonant 
frequency  of  2  kHz,  the  mechanical  sensitivity  is  about  62  nm/g,  while  if  it  is  1  kHz  it  increase  four  time  to  250  nm/g. 
Studying  the  denominator  appearing  in  eq.  3  it  may  be  seen  that  for  a  linearity  of  about  1%  the  frequency  range 
of  an  undamped  system  ( Q  ^  oo)  is  about  0.1a;o-  However,  for  Q  ^  0.75  it  may  be  increased  above  0.5u;o.  The 
last  important  parameter  that  sets  the  ultimate  sensitivity  of  the  accelerometer  is  the  thermo-mechanical  noise.  It 
is  easily  obtained  by  considering  the  mechanical-electrical  analogy,  where  the  dampers  are  replaced  by  an  equivalent 
resistor  and  are  the  source  of  thermal  noise.8  When  u>  <C  u) o,  the  equivalent  displacement  density,  xn  (A/),  is  given 

by 

<5> 

where  k  is  the  Boltzmann  constant,  and  T  the  absolute  temperature.  It  can  be  seen  that  an  increase  of  the  spring 
constant  or  of  the  resonant  frequency  decreases  the  noise  but  also  lowers  the  sensitivity.  Moreover  we  observe 
here  another  trade-off,  existing  between  a  constant  response  in  a  large  band  of  frequency  ( Q  ^0.75)  and  a  small 
thermo-mechanical  noise  ( Q  ^>1).  Still,  increasing  the  resonance  frequency  will  have  a  beneficial  effect  for  this  two 
parameters...  but  will  decrease  the  sensitivity.  For  example,  with  a  resonance  frequency  of  2  kHz,  a  spring  constant 
of  0.15  N/m  (or  a  mass  of  about  1  fig)  and  a  Q-factor  of  5,  we  found  a  random  displacement  due  to  the  thermal 
noise  of  about  1  pm/\/TIz  or  10_3nm/\/Hz.  Whatever  could  be  the  sensitivity  of  the  optical  detection,  this  value 
sets  the  resolution  of  the  sensor  to  a  value  larger  than  about  0.01  nm  (in  a  10Hz  band). 

2.2.  Laser  coupled  with  an  external  short-cavity 

The  power  delivered  by  a  Fabry-Perot  semiconductor  laser  with  the  supplied  current  I  is  given  by9 

P  =  Vext~(^  ~  Ith)>  (6) 

where  7]exf  is  the  external  quantum  efficiency  of  the  laser  above  threshold  and  1^  the  threshold  current.  Interestingly, 
this  current  changes  with  the  reflectivity  of  the  mirror  facets  according  to 


r  LW  (  1  1  \ 

hh  p  (a+  2L  1x1  R^J  ’  (7) 

where  LW  is  the  junction  area,  Ri  and  Re  are  the  power  reflection  coefficient  at  the  laser  facet,  a  the  loss  per  unit 
length  due  to  attenuation  in  the  cavity  and  0  the  proportionality  constant  relating  the  gain  in  the  cavity  with  the 
density  of  current  in  the  junction.  Typical  values  for  these  two  parameters  depend  heavily  on  the  material  and  the 
structure  used  for  the  laser.  For  GaAs  double  heterostructure  laser  they  are  about  1500  m-1  and  1.5-10~4  m/A, 
respectively.  Moreover  the  external  efficiency  (ie,  the  average  number  of  photon  generated  for  each  electron-hole  pair 
created  in  the  junction  that  exits  the  laser)  depends  also  on  the  mirror  reflectivity, 


Vext  —  Vint 


2 L  *n  RiR* 

a  +  5T  RLR^ 


(8) 


with  Tfint  the  internal  quantum  efficiency  exceeding  90%  for  the  double  heterostructure  GaAs  laser. 


The  presence  of  the  external  mirror  can  be  accounted  for  by  computing  its  effective  reflectivity  at  the  laser  facet. 
We  write  the  reflected  field  as  the  summation  of  all  the  field  contributions  reflected  back  into  the  active  region  of  the 
photodiode.  We  have,3 


Pe  =  P2- 


i-r2 

P2 


p2pm  €XP 
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(9) 
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where  p2  (#2  —  \\P2W2  —  0-31)  and  =  \/0.97  are  the  complex  reflectivities  of  the  laser  facet  and  the  gold  coated 
external  mirror,  respectively,  Cn  is  the  coupling  factor  at  the  nth  reflection  of  the  light  on  the  mirror,  taking  into 
account  beam  diffraction  and  coupling  with  the  laser  aperture.  There  is  no  general  analytic  expression  for  this 
factor,  because  it  is  a  general  problem  of  diffraction  and  coupling  from  a  mode  with  a  complex  transverse  expression. 
However  we  may  derive  an  approximate  formula  using  classic  diffraction  theory  by  considering  an  elliptical  Gaussian 
mode  shape  coupled  back  through  a  planar  reflector.  The  distance  between  the  laser  facet  and  the  mirror  is  the 
parameter  that  will  set  the  applicability  of  Fresnel  or  Fraunhofer  diffraction  theory.  The  rule  of  thumb  places  the 
limit  of  near  field  when  d  <  a2/ A,  where  a  is  the  largest  dimension  of  the  ’aperture’  (ie,  the  laser  spot  at  the  facet) 
and  d  the  distance  between  aperture  and  the  plane  of  interest.  For  A0  ~  0.8/mi,  and  a  typical  lateral  dimension 
of  the  laser  mode  at  the  output  facet  of  about  2  /zm ,  we  found  that  Fraunhofer  diffraction  applies  for  l  greater 
than  2.5  /urn.  This  external  cavity  length  will  already  be  difficult  to  achieve  with  our  technology  and  we  may  use 
Fraunhofer  diffraction  for  our  computation.  However  for  large  mode  laser,  the  mode  size  may  attain  4/zm  setting 
the  limit  on  l  at  10/zm,  and  thus  may  require  the  use  of  Fresnel  diffraction  for  the  coupling  from  the  first  reflexion. 
Subsequent  reflexion  will  certainly  fall  in  the  case  where  Fraunhofer  diffraction  may  be  applied.  In  this  case  we 
have10 


where  a  and  b  are  the  transverse  dimension  (1/e)  of  the  laser  spot. 

However  this  coupling  coefficient  considers  only  the  effects  of  diffraction  and  neglects  any  angular  misalignment, 
0,  that  may  exist  between  the  mirror  and  the  laser  output  facet.  A  very  rough  approximation  of  this  effect  may  be 
obtained  by  considering  that  the  mode  profile  have  a  Gaussian  profile.  Then,  we  can  derive  a  formula  using  a  similar 
formalism  to  the  case  of  fiber*  to  fiber  coupling12  and  after  some  algebra  and  simplification,  allowed  by  the  assumed 
small  value  of  0  <  10°,  we  obtain, 


Tn  =  exp 


2(nQ2  +  k2a2b2 
(nl)2  -f  k%a2b2 


(11) 


where  A:0  =  27t/Ao  is  the  wave  vector.  We  may  note  that  the  effect  of  the  angular  misalignement  should  be  small  if 
it  remains  much  smaller  than  the  far  field  Gaussian  diffraction  angles  (Ao/?ra  and  Ao/7r6). 

Finally,  in  order  to  take  into  account  the  diffraction  loss  and  the  angular  misalignment  loss  to  compute  the 
effective  reflectivity,  we  have  to  take  the  product  of  the  two  individual  effects,  yielding  the  coupling  factor  that 
appears  in  Eq.  9, 

Cn  =  Dn-  Tn.  (12) 


Then,  using  eqs.  (6-12),  we  plot  in  Fig.  3  the  theoretical  power  output  of  the  laser  when  the  length  of  the  external 
cavity  is  varied  from  5  /mi  to  45  /mi.  The  sum  appearing  in  eq.  (9)  is  stopped  when  the  term  to  be  summed  (ie,  the 
feedback)  is  lower  than  10-5.  We  see  that  with  a  decreasing  level  of  feedback  (ie,  an  increasing  length  of  the  external 
cavity)  the  amplitude  of  the  power  variation  decreases  quickly,  and  simultaneously  the  slope  of  the  curve  decreases. 
Actually,  this  slope,  representing  the  rate  of  change  of  the  laser  diode  power  with  the  external  mirror  displacement, 
is  the  optical  sensivity  of  the  sensor.  To  obtain  a  better  understanding  of  this  factor  we  have  plotted  it  in  Fig.  4.  The 
envelope  of  the  sensitivity  is  decreasing  rapidly  with  increasing  cavity  length.  For  example,  a  sensor  with  an  external 
cavity  length  of  10  \x m  is  four  time  more  sensitive  than  one  with  an  external  cavity  length  of  40  /mi.  By  setting, 
somewhat  arbitrary*,  the  minimum  resolution  of  the  intensity  detector  to  about  2.5  /zW,  we  find  the  resolution  of 
the  sensor  to  be  0.05  nm  when  the  cavity  length  is  about  10  /mi.  If  the  cavity  length  is  larger  the  resolution  will 
be  smaller.  We  note  that  the  sensitivity  is  a  periodic  function  of  the  displacement,  with  a  period  of  Ao/2,  which 
is  more  visible  on  the  enlarged  view  in  Fig.  5.  This  sets  the  practical  range  of  micro- actuation  for  the  mirror  to 
a  minimum  value  of  about  A0/2  to  obtain  a  large  sensitivity,  considering  that  the  laser  diode  may  be  placed  at  an 
arbitrary  position.  We  show  also  in  Fig.  5  the  effect  of  tilting  the  mirror.  We  see  that  when  the  angle  is  increased 
the  sensivity  drops  and  the  curve  becomes  more  and  more  sinusoidal.  This  may  be  understood  is  we  look  at  the  rank 

*The  fiber  fundamental  modes  are  not  Gaussian  either,  but  the  model11  used  to  describe  their  coupling  losses  also  makes 
use  of  such  approximation. 

^The  prediction  of  this  value  necessitates  the  investigation  of  the  noise  existing  in  the  whole  system,  either  using  synchronous 
or  direct  detection,  which  is  beyond  the  scope  of  this  early  paper. 
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External  cavity  length  (pm) 


Figure  3.  Theoretical  output  power  of  the  external  cavity  laser  for  different  external  cavity  length. 


xio5 


External  cavity  length  (pm) 

Figure  4.  Theoretical  sensor’s  optical  sensitivity  for  different  external  cavity  length. 

where  we  stop  the  summation  for  the  calculation  of  pe  in  eq.  (9).  When  the  angle  is  0°,  the  summation  needs  727 
terms  before  coming  to  a  term  lower  than  10“5,  but,  when  the  angle  is  8°  only  3  terms  are  needed.  Thus  as  many 
more  harmonics  are  added  in  the  first  case,  the  result  is  a  non-regular  function  while  in  the  latter  case  it  is  almost  a 
sinusoidal  function.  Still  it  seems  that  the  tolerance  toward  angular  misalignment  is  not  very  bad  and  an  accuracy 
of  about  0.5°  (9  mrad)  will  maintain  adequate  performance.  It  should  be  noted  that  when  the  length  of  the  cavity 
is  increased  a  similar  effect  appears,  and  the  power  fluctuation  tends  to  be  sinusoidal.  The  Figure  5  also  shows  that 
to  maintain  the  sensitivity  within  1%  of  the  nominal  value  the  displacement  around  the  rest  position  should  be  in 
the  order  of  15  nm  for  a  very  strong  feedback  (highly  non  linear  curve),  but  may  be  almost  100  nm  if  we  accept  the 
decrease  by  a  factor  of  6  in  the  sensitivity.  In  the  first  case,  and  considering  the  resolution  of  the  sensor  obtained 
previously,  it  means  that  the  dynamic  range  of  the  sensor  is  about  3  order  of  magnitude  while  in  the  later  case  it  is 
four  order  of  magnitude.  Obviously,  a  force  feedback  could  enhance  dramatically  this  figure,  by  at  least  one  order  of 
magnitude. 

These  simulations  have  provided  us  with  an  insight  in  the  internal  behaviour  of  the  sensor,  and  have  allowed  us 
to  extract  most  of  the  magnitude  of  the  relevant  physical  parameters,  allowing  the  fabrication. 

3.  MICROMACHINED  EXTERNAL  CAVITY  MIRROR 

The  mirror  has  been  fabricated  using  a  standard  micro-fabrication  process,  using  two  structural  layers  of  polysilicon, 
a  gold  overcoat,  one  ground  plane  and  two  sacrificial  layers  of  Si02.  Figure  6  is  a  general  view  of  the  mirror  with 
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External  cavity  length  (pm) 

Figure  5.  Theoretical  sensor’s  optical  sensitivity  for  the  external  cavity  length  around  10/zm.  The  parameter  is  the 
tilt  angle  of  the  external  mirror  in  degree. 

one  of  the  precision  lock  engaged  and  the  other  still  free.  We  can  see  the  bi-directional  actuator,  at  the  rear,  and  the 
mirror  suspension  made  of  four  folded-beam  springs. 


Figure  6.  General  view  of  the  assembled  3D-mirror. 


3.1.  A  3D  mirror 

The  structure  is  paterned  in  a  stack  of  different  layer  and  then  is  folded  to  its  3D  shape  with  micro-probes  under  a 
microscope.  The  process  layout  rules  limit  the  designer  in  his  wishes  and  push  him  to  find  inovative,  and  sometimes 
involved,  solution  to  satisfy  the  requisite  of  the  design.  The  necessity  to  bring  the  mirror  within  10  /zm  of  the  laser 
facet  (cf.  Sect.  2.2)  has  necessitated  the  developement  of  a  new  type  of  hinge,  where,  in  contrast  to  the  previously 
developped  hinge,6  the  beams  used  to  constrain  the  axis  (ie,  the  staple)  are  cantilevered  and  attached  only  on  one 
side  of  the  mirror.  A  close-up  of  the  designed  hinge  is  shown  in  Fig.  7.  We  can  see  that  the  distance  between 
the  plane  of  the  mirror  and  the  edge  of  the  suspended  structure  is  less  than  10  /zm,  insuring  the  positioning  of  the 
laser  diode  without  mechanical  interference.  It  turns  out  that,  in  general,  the  microfabricated  hinge  behaviour  is 
somewhat  different  from  their  macroscopic  counterpart.  In  short,  the  centre  of  the  axle  is  not  the  axis  of  rotation. 
Firstly,  the  axle  doesn’t  have  a  round  crossection  but,  because  of  the  anisotropic  RIE  etching,  a  square  one.  Thus 
it  can  not  rotate  freely  in  the  staple  but  merely  rotate  around  its  edge,  then,  when  the  angle  exceed  90°  the  axis 
of  rotation  needs  to  shift  from  one  edge  to  the  opposite.  Secondly,  in  the  case  of  a  suspended  hinge,  the  edges  in 
question  are  not  those  of  the  axle,  but  those  of  the  plate  protruding  over  the  two  sides  of  the  hinge.  The  existence 


103 


Figure  7.  Close-up  on  the  suspended  hinge  of  the  mirror  and  its  typical  layout. 


of  this  pair  of  constraining  structure  (axle  with  staple  constrain  displacement  upward,  and  plate  with  hinge  side 
constrain  displacement  downward)  is  the  result  of  the  use  of  only  two  layers  of  structural  material,  where  three  are 
theoretically  needed:  we  use  a  scissor  arrangement.6  Thus  a  large  friction  at  some  special  angle  occurs  that  holds 
the  rotating  structure,  as  can  be  seen  in  the  Fig.  6.  This  behaviour  is  not  always  a  problem  and  may  even  be  helpful. 
For  example,  when  the  axle  is  rotated  90°  and  the  protruding  plate  rests  on  the  hinge  side,  the  rotated  mirror  stays 
erected,  facilitating  the  engagement  of  the  precision  lock  used  to  maintain  it  in  place.  An  added  advantage  of  the 
cantilevered  stapple,  in  the  case  of  the  suspended  hinge  we  developped,  is  that  it  is  more  tolerant  to  misalignment 
between  mask  layers  because  it  may  slightly  bend  in  the  vertical  direction  during  the  rotation  of  the  axle. 

The  precision  lock  on  the  side  of  the  folded  structure4  have  been  introduced  to  replace  the  initial  spring  lock6  that 
was  much  more  clever  but  not  acurate  enough  for  most  optical  elements  positioning.  We  found  that  the  precision  of 
positioning  obtained  with  these  lock  would  be  greatly  improved  if  instead  of  constraining  the  folded  structure  at  its 
side ,  at  about  half  the  height  of  the  plate,  we  constrained  the  top  of  the  plate.  Obviously  for  the  same  fabrication 
tolerance  and  clearance  the  incertitude  angle  is  divised  by  two  compared  to  the  usual  design.  Figure  8  shows  a 
close-up  of  the  engaged  lock  positioning  the  folded  mirror.  Moreover,  they  have  been  designed  in  order  that  they  do 
not  protude  more  than  10  pm  from  the  mirror  plane.  The  locking  structure  has  been  featured  with  dimples  to  define 


Figure  8.  Close-up  on  the  precision  lock  on  top  of  the  mirror  with  an  enlargement  of  a  locking  structure  (we  can 
see  the  embossed  shape  of  the  spring  in  the  plate  that  has  a  stiffening  effect). 

precisely  the  contact  points  with  the  mirror  plate  leaving  a  clearance  of  about  0.5pm  on  each  side  of  the  mirror  plate. 
Including  the  clearance  at  the  hinge  «  0.75/im,  corresponding  to  the  thickness  of  the  second  sacrificial  layer,  we 
estimate  the  maximum  error  of  angle  than  can  be  expected  with  this  structure  to  about  sin'1  ((0.75  4-  0.5)/300)  «  4 


mrad  (0.23°).  This  figure  match  the  9  mrad  criterium  established  in  Sect.2.2.  Considering  the  current  set  of  layout 
rules  it  seems  that  a  completly  passive  alignment  structure  insuring  a  precision  of  about  1  mrad  is  an  interesting 
challenge,  that  may  be  attained,  for  example,  by  increasing  the  height  of  the  mirror  to  1  mm,  provided  the  gradient 
of  stress  in  the  deposited  layer  is  well  controlled. 

3.2.  A  reflecting  mirror 

As  we  have  seen  in  Sect.  2  we  need  a  large  effective  reflectivity  from  the  mirror  to  obtain  the  largest  sensitivity 
to  displacement.  However,  as  we  have  seen  in  sect.  3.1,  the  estimated  accuracy  for  the  tilt  of  the  mirror  is  about 
4  mrad,  without  taking  into  account  the  possibility  for  the  top  lock  to  shift  later aly  when  it  is  folded  up.  Thus,  the 
uncertainty  in  the  tilt  angle  seems  to  be  smaller  than  the  maximum  error  allowed  for  the  laser  operation  in  a  strong 
feedback  configuration  as  estimated  in  Sect.  2.2.  Still,  owing  to  the  crudeness  of  the  model,  we  need  a  more  acurate 
model  to  rule  out  with  confidence  a  wide  distribution  of  efficiency  in  the  optical  feedback  arising  from  the  actual 
value  of  the  tilt  angle. 

Beside  the  tilt  angle,  there  are  other  important  factors  that  affect  significantly  the  effective  reflectivity  of  the 
mirror  :  the  wavelength,  the  reflectivity  of  the  mirror  coating,  the  planarity  and  the  roughness  of  the  surface...  The 
reflectivity  of  gold  is  still  97%  at  Ao  =  0.8/im,  but  drops  rapidly  to  40%  at  0.5  pm.  If  we  plan  to  use  a  shorter 
wavelength  laser  (which  would  increase  the  optical  sensitivity)  we  may  think  to  us  Ag  as  an  alternative  coating, 
provided  it  may  sustain  the  hydrofluoric  acid  used  during  the  release  step  of  the  structure.  The  Table  1  sums-up  the 
measurement  made  on  different  architecture  of  mirror  for  the  parameters  affecting  the  reflectivity. 


Mirror  type 

Radius  of  curvature 
p  (mm) 

Roughness 
RMS  (A) 

Reflectance 
||pm||2  (Theoretical) 

Transmittance 

(Theoretical) 

3.5  pm  thick  poly  with  0.5  pm  Au 

22 

23 

0.97 

0.00 

1.5  pm  thick  poly  with  0.5  pm  Au 

1.9 

26 

0.97 

0.00 

2.0  ^m  thick  poly 

oo 

35 

0.35 

0.01 

1.5  pm  thick  poly 

oo 

32 

0.35 

0.03 

Table  1.  Measured  radius  of  curvature  and  surface  roughness  of  different  mirror  design  with  calculated  reflectance 
and  transmittance  at  0.8  pm  for  a  perfect  plane  of  specified  thickness  and  material  (neglecting  interference  effects). 


The  curvature  of  the  mirror  is  due  to  the  gradient  of  stress  along  its  thickness  because  it  is  composed  of  different 
materials.  It  is  important  to  maintain  it  as  low  as  possible  because  it  is  related  to  a  local  tilt  6  of  the  mirror  by 

e  »  (is) 

p 

where  x  is  the  absisca  from  the  mirror  centre  (ie,  where  9  =  0)  and  p  is  the  radius  of  curvature.  It  should  be  noted 
that  a  bias  tilt,  resulting  from  the  play  in  the  hinge-lock  structure  or  a  tilt  of  the  laser,  will  add  algebrically  with 
the  local  tilt  resulting  from  curvature,  moving  the  ’no  tilt’  spot  on  the  mirror  away  from  the  centre  ( x  =  0)  to 
an  arbitrary  position  (x  ^  0).  Thus,  aligning  the  reflection  of  the  laser  beam  on  the  mirror  at  this  exact  spot  will 
complicate  substantially  the  assembly  of  the  structure  even  if  it  would  provide  the  strongest  feedback.  Finally,  it  may 
be  thought  to  use  the  stress-induced  curvature  in  order  to  obtain  a  cheap  converging  mirror,  however  the  difficulty 
to  control  stress  in  the  deposited  layer  (the  manufacturer  gives  a  range  of  0-40  MPa  tensile  stress  for  the  metal  and 
0-20  MPa  compressive  stress  for  the  poly-Si...)  makes  it  an  unpractical  solution.  To  increase  further  the  radius  of 
curvature  of  the  mirror  while  taking  benefit  of  a  gold  overcoat,  it  has  been  proposed  to  stiffen  even  more  the  mirror 
by  leaving  the  sacrificial  oxide  layer  between  the  two  polysilicon  layers.  We  are  now  investigating  another  approach 
which  consists  in  creating  a  deep  undulation  at  the  edge  of  the  mirror  to  act  as  a  stiffener.  The  first  results  are  quite 
interesting  and  it  seems  that  we  are  able  to  obtain  a  radius  of  curvature  of  several  cm  with  a  plate  of  1.5/im  thick 
poly  with  a  gold  coating. 

The  roughness  of  the  surface  is  very  low  (we  have  Rrms  <  Ao/200  and  <  Ao/50)  and  the  reflectivity  won’t 
be  affected  significantly  by  this  figure.  It  is  an  interesting  point  of  the  folded  micro-mirror  compared  to  an  etched 
mirror.  In  our  case,  the  surface  of  the  mirror  is  controlled  by  the  conformal  deposition  of  layer  onto  an  atomically 
flat  substrate  and  not  by  an  etching  mechanism,  which  generally  yield  a  rougher  surface.13  When  the  radius  of  the 
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spot  reflecting  on  the  mirror  exceed  about  45  /xm,  the  effective  reflectivity  should  take  into  account  the  existence  of 
the  hole  used  for  the  release  process.  They  decrease  the  effective  surface  of  the  mirror  and  for  a  wide  beam  only 
98.5%  of  the  reflective  surface  will  be  gold  coated,  decreasing  the  reflectivity  accordingly. 


3.3.  An  actuated  mirror 

Section  2.2  has  shown  that  the  actuator  should  allow  a  range  of  about  A0/4  to  bring  the  mirror  at  the  position  where 
the  sensitivity  is  the  highest.  However,  the  noise  inherent  to  any  power  supply  should  not  induce  a  motion  larger 
than  the  signal  to  be  detected! 

Having  chosen  a  folded-beam  type  of  suspension,  simple  beam  theory14  yields 


_  8E hw3 

Ll  +  W 


(14) 


for  the  spring  constant  of  the  the  four  springs  suspension.  E  is  the  Young’s  modulus  (170  GPa  for  the  polysilicon), 
h  the  thickness  of  the  layer  (2  \i m),  w  the  width  of  the  beam  and  L\  =  290^m  and  L2  =  235/xm  the  length  of  the 
beams  composing  the  elementary  spring,  yielding  k  =  0.58  N/m  for  2  /xm-wide  beam.  To  obtain  a  resonant  frequency 
between  2  and  3  kHz,  the  mass  of  the  mirror  has  to  be  between  1.6  and  3.6  (ig . 

The  force  delivered  by  the  actuator  is  given  approximately  by15 


F  =  Ne  o-V2,  (15) 

9  K  ' 

where  N  -  59  is  the  number  of  finger  in  the  actuator,  g  is  the  air  gap  between  the  finger  and  V  the  applied  voltage. 
Using  this  two  parameters,  we  define  the  deflection  constant  a  as 


a  —  Ne 


(16) 


yielding  the  simple  relationship  between  voltage  and  displacement  x  —  aV2. 

We  have  characterized  the  actuator  and  the  mirror  both  in  DC  and  AC  for  two  types  of  mirror  A  and  B  with  the 
same  layout  but  fabricated  on  different  wafer.  They  are  chosen  to  represent  the  two  extremes  characteristics  that 
were  found  on  a  batch  of  7  wafers.  Table  2  summarizes  the  main  results.  Using  the  layout  dimension,  measured 


Mirror  type 

DC 

AC 

Beam  width 

Deflection  constant 

U>0 

Q 

(m  m) 

«v2) 

(rad/s) 

A 

2.0 

r  1.43  •  10~a 

17090  (2720  Hz) 

4.8 

B 

1.75 

2.22  •  icr3 

13820  (2200  Hz) 

4.5 

Table  2.  AC  and  DC  experimental  characteristics  of  the  actuator  for  the  assembled  mirror. 


layer  thickness  and  assumed  material  density  we  computed  the  mass  of  the  suspended  mirror  to  be  1.95  /xg.  We  were 
able  to  check  to  some  extent  the  validity  of  this  value  by  measuring  the  resonant  frequency  of  the  mirror  when  the 
golded  plate  was  present  (and  folded)  and  when  it  was  removed.  The  resonant  frequency  changed  by  a  factor  of  1.72 
corresponding  to  a  change  of  mass  by  a  factor  of  2.9.  This  value  compare  well  with  the  theoretical  drop  of  mass  from 
1.95  /xg  to  0.69  jig  corresponding  to  a  factor  of  2.8.  We  understand  here  the  interest  of  using  a  gold  mirror,  the  large 
density  of  the  material  (19.3  kg/m3)  yielding  a  substantial  weight  advantage.  We  also  measured  the  Q  factor  when 
the  mirror  was  assembled  and  when  it  was  folded,  but  the  difference  was  within  the  estimated  margin  of  error  and 
was  not  significant.  It  seems  that  the  Couette’s  flow  under  the  horizontal  plate  is  the  dominant  loss  factor,  even  if 
it  seems  that  unfolding  the  mirror  should  result  in  increased  air  drag,  decreasing  the  Q  factor  of  the  system. 

The  discrepancy  between  the  two  type  of  fabricated  mirror  with  the  same  layout  may  be  understood  if  we  look 
at  the  ’Beam  width’  column  in  Tab.  2.  We  measured  the  actual  width  of  beams  that  were  2  /xm  wide  in  the  layout 
and  found  a  quite  large  difference  as  reported.  The  action  of  this  narrowing  of  the  beam  is  twofold:  on  the  one 
hand  it  decreases  the  spring  constant  of  the  suspension  and  on  the  other  it  decreases  the  electrostatic  force  of  the 
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Analytical 

Intel! 

iCAD™ 

Beam  Width 

(H 

Spring  constant 
(N/m) 

Deflection  constant 

«v2) 

Spring  constant 
(N/m) 

Deflection  constant 
(pm/V2) 

2.0 

0.58 

0.90  ■  10“3 

0.59 

1.54-  10~a 

1.75 

0.38 

1.22  ■  10~a  1 

0.39 

2.08  •  10~3 

Table  3.  Theoretical  characteristics  of  the  actuator. 

actuator  by  enlarging  the  gap.  We  have  summarized  in  Tab.  3  the  main  point  of  the  analysis  using  analytical 
formula  and  simulation  using  IntelliC AD™ .  We  note  that  if  the  finite  element  analysis  is  pointless  for  determining 
the  spring  constant  *,  the  analysis  of  the  electrostatic  force  using  analytical  formulation  suffers  from  a  systematic 
underestimation.  The  IntelliC  AD™  simulated  value  of  the  deflection  constant  differs  by  less  than  7%  with  the 
experimental  values,  validating  the  model  and  the  design  of  the  actuator. 

Thus  to  achieve  the  0.4  p,m  displacement  with  the  bi-directional  actuator,  it  needs  a  voltage  of  less  than  10  V, 
compatible  with  standard  CMOS  circuitry.  As  we  have  Ax  —  2  a  Vo  AV,  to  observe  a  displacement  due  to  the 
voltage  noise  of  the  power  supply  of  the  same  order  than  the  thermal  noise  displacement  (0.01  nm)  we  need  to  keep 
the  voltage  noise  below  0.35  mV  for  the  largest  offset  voltage  of  10V.  In  the  worse  case  (ie,  Vo  =  10  V),  a  noise  of 
1  mV  will  induce  a  displacement  of  less  than  0.03  nm,  about  half  the  expected  resolution  of  0.05  nm.  We  may  reduce 
the  sentivity  of  the  actuator  to  noise  by  lowering  further  the  size  of  the  comb-drive.  Actually,  the  deflection  constant 
a  increase  linearly  with  the  number  of  fingers,  N ,  while  the  offset  voltage  is  divided  by  the  square  root  of  N.  Thus 
the  proportionality  constant  between  noise  and  displacement  changes  as  the  square  root  of  N.  Dividing  the  actuator 
size  by  4  will  decrease  the  sensitivity  to  noise  by  a  factor  of  2,  but  also  increase  the  offset  voltage  by  the  same  factor. 

4.  CONCLUSION 

We  have  presented  a  micro-actuated  mirror  that  will  be  used  in  an  external  cavity  configuration  as  an  acceleration 
sensor.  We  have  developped  an  extensive  theory  to  predict  his  behaviour  and  proposed  a  new  layout  to  fulfill 
its  stringent  requirements.  The  fabricated  mirrors  have  been  extensively  characterized  and  were  shown  to  behave 
essentially  as  predicted.  We  were  able  to  explain  a  relatively  wide  dispersion  of  the  experimental  characteristics  by 
taking  into  account  the  real  width  of  the  narrow  beam  used  for  the  actuator  and  for  the  suspension. 

The  next  phase  of  the  project  currently  under  way  is  the  integration  of  the  mirror  with  the  LD  at  0.8  fim.  The 
first  results  are  encouraging,  showing  a  sensitivity  better  than  1  nm  but  a  more  controlled  environment  is  needed 
to  increase  the  stability  of  the  system.  We  expect  a  sensitivity  of  at  least  0.05  nm,  yielding  accelerometer  with  a 
sensitivity  better  than  1  mg  and  with  a  dynamic  (at  1%  linearity)  of  about  103  to  104.  Future  version  will  use  smaller 
spring  constant  to  increase  the  sensitivity  while  the  integrated  actuator  will  be  used  to  provide  a  force  feedback, 
extending  substantially  the  dynamic  of  the  sensor. 
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ABSTRACT 

Torsion  micromirror  devices  have  been  widely  used  in  many  applications.  This  paper  describes  the  modeling  of  a  torsion 
beam  micromirror  based  on  the  parallel  plate  capacitor  model.  First,  a  generalized  and  normalized  equation  that  governs  the 
static  characteristics  of  the  torsion  micromirror  device  is  derived.  Henceforth  the  influence  of  the  structural  parameters  of 
micromirror  is  discussed,  and  the  snap-down  effect  and  the  capacitance  variation  of  the  micromirror  are  studied.  Finally,  a 
micromirror  is  designed  and  fabricated.  However,  the  model  has  not  yet  been  verified  by  experiment  data  as  testing  is  in 
progress. 

Keywords:  Micromirror,  Micro-optics,  MEMS,  Torsion  beam,  snap-down,  MOEMS. 

1.  INTRODUCTION 

With  the  development  of  micromachining  techniques,  micromirror  devices  have  thrived  and  are  now  widely  used.  In  recent 
years,  various  micromirror  devices  have  been  developed;  they  differ  in  structure,  shape,  material,  machining,  actuating  and  so 
on.  They  can  be  simply  classified  based  on  the  type  of  support  and  movement,  such  as  torsion  beam  micromirror,  movable 
micromirror1,  flexure  beam  micromirror2  and  vertical-support  beam  micromirror3,  etc.  Compared  with  the  other  types,  the 
torsion  beam  micromirror  seems  to  be  easy  to  fabricate  and  hence  is  used  in  many  applications,  for  example,  barcode  reading 
systems,  reading  head  for  CD  players,  laser  printers4,  spatial  light  modulator5, 6,  optical  switches7,  and  especially,  digital 
projection  displays8-12. 

For  a  torsion  micromirror,  the  important  parameters  include  its  geometric  dimension,  its  maximal  rotation  angle,  its  actuation 
curve  (that  shows  the  relation  between  the  driving  voltage  and  its  angular  deformation),  reflection  efficiency,  and  fill-factor 
(only  for  micromirror  array,  represents  the  ratio  of  the  effective  reflection  area  to  the  whole  area).  Generally,  the  maximum 
rotation  angle  and  the  actuation  curve  are  among  the  aspects  of  most  interest  since  a  large  rotation  angle  is  critical  for  many 
applications.  For  instance,  in  digital  projection  display,  the  micromirror  needs  to  be  driven  to  rotate  about  10  degrees8,  and  in 
optical  switches,  the  maximum  angle  can  be  up  to  45  degrees7.  To  be  compatible  with  IC  convention  and  to  prevent  electrical 
breakdown,  the  maximum  driving  voltage  cannot  be  too  high;  it  is  generally  less  than  30V,  typically  less  than  5V.  Thus  for  a 
micromirror  array  integrated  with  some  control  circuits,  it  can  directly  use  the  power  source  of  the  integrated  circuits  if  its 
driving  voltage  is  not  greater  than  5  V,  resulting  in  a  simpler  design. 

The  electrostatic  actuation  of  the  torsion  micromirror  has  been  extensively  studied  in  the  literature,  and  several  methods  have 
been  employed.  One  method  is  based  on  the  parallel  plate  capacitor  model  to  estimate  the  electrostatic  torque  between  the 
micromirror  surface  and  the  electrodes,  and  then  to  use  the  elastic  restoring  torque  caused  by  the  beam  torsion  to  reach 
equilibrium3, 6>  13, 14.  In  addition,  full  finite  element  models  have  also  been  studied4, 15.  The  first  method,  although  simple,  gives 
low  accuracy.  On  the  contrary,  the  FEM  method  is  relatively  accurate,  but  involves  a  large  amount  of  calculation. 

Many  researchers  have  simplified  and  specialize  parallel-plate  model  further  for  analysis  convenience.  For  example,  Degani 
et  al13  studied  specially  the  snap-down  effect  of  the  torsion  micromirror  by  Taylor  expansion,  and  Wetsel  et  al14  assumed  the 
maximal  rotation  angle  to  be  small  in  their  works.  In  addition,  the  electrode  size  was  assumed  the  same  as  that  of  the 
micromirror  in  some  papers  to  simplify  their  analyses  and  results.  However,  in  actual  fact,  the  electrode  cannot  fully  coincide 
with  the  micromirror,  for  example,  die  two  electrodes  under  the  micromirror  should  be  separated  by  a  gap  for  fear  of 
electrical  breakdown  and  unnecessary  connection.  Moreover,  the  electrode  parameters  greatly  influence  the  micromirror 
behaviors  as  a  result  of  the  snap-down  effect,  as  is  shown  later  in  this  paper.  Therefore,  the  electrode  dimension  should  be 
taken  into  account  in  modeling.  Under  these  circumstances,  it  has  become  significant  to  develop  a  generalized  and  normalized 
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equation,  which  represents  the  relation  between  the  dimensions,  the  driving  voltage,  and  the  micromirTor  angular 
displacement. 

In  this  paper,  we  take  advantage  of  the  parallel-plate  model  (due  to  its  simplicity)  to  give  out  a  generalized  and  normalized 
equation,  to  derive  the  relation  between  the  driving  voltage  and  the  rotation  angle  (static  characteristic).  Subsequently,  we 
discuss  special  topics  such  as  the  snap-down  effect  and  the  capacitance  variation  of  the  micromirror.  Finally  we  describe  the 
design  and  fabrication  of  a  micromirror.  However,  no  experiment  data  will  be  presented  since  the  testing  has  not  been 
completed  up  to  now. 


2.  MODELING 

In  this  section,  the  electrostatic  torque  is  studied  based  on  the  parallel  plate  model;  the  equation  governing  the  micromirror 
rotation  is  derived  and  discussed  in  detail.  Finally,  the  results  of  the  study  of  the  snap-down  effect  and  the  capacitance 
variation  are  given. 


Cross-section  view  of 
the  micromirror 


Fig.  1  Schematic  diagram  of  the  torsion  micromirror 


2.1  Electrostatic  torque 

Fig.  1  shows  a  schematic  diagram  of  the  torsion  micromirror,  and  the  cross-section  view  of  the  micromirror.  The  latter 
demonstrates  the  theorem  of  the  parallel  plate  capacitor  model.  In  Fig.l,  L  and  a  represents  the  width  and  length  of  the 
micromirror  respectively  (strictly  speaking,  L  is  the  minimum  of  the  micromirror  length  and  the  electrode  length),  l  denotes 
the  total  length  of  the  torsion  beams,  h  is  the  gap  between  micromirror  and  electrode,  and  aa  and  jia  define  the  size  and 
position  of  the  electrodes  (normalized  by  the  micromirror  width  a  for  later  use).  L,  a ,  /,  h,  a  and  fi,  combined  with  the  width  w 
and  the  thickness  t  of  the  torsion  beam,  are  the  main  structural  parameters  of  the  torsion  micromirror. 

When  voltage  V  is  added  between  the  micromirror  and  one  electrode,  the  electrostatic  attraction  causes  the  micromirror  to 
rotate  to  a  certain  angle  6.  Here  we  are  interested  in  how  to  express  the  electrostatic  torque.  In  the  parallel  plate  capacitor 
model,  the  micromirror  and  the  electrode  are  regarded  as  being  composed  of  an  infinite  number  of  infinitesimal  capacitors 
(Fig.  1).  Therefore  the  electrostatic  torque  is  given  by 
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where  Me  denotes  the  electrostatic  torque,  s  is  the  permittivity  of  air  (e=8.85 pF/m),  x  and  dx  represents  the  position  and  the 
width  of  the  infinitesimal  capacitor  used  for  integration.  For  simplicity,  we  normalize  the  rotation  angle  0  by 

®  =  “ (2) 


where  6^  —  —  represents  the  maximum  rotation  angle.  Substituting  into  Eq.  (1), 
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It  is  noted  that  in  Eq.  (3),  all  the  structural  parameters  except  for  a  and  fi  contribute  to  Me  only  as  a  coefficient.  Moreover,  the 
electrostatic  torque  Me  is  proportional  to  the  micromirror  length  L  and  the  square  of  the  driving  voltage  V.  Therefore,  Me  is 
very  sensitive  to  the  driving  voltage. 

2.2  Relation  between  driving  voltage  and  rotation  angle 

When  the  micromirror  is  driven  to  rotate  by  electrostatic  torque,  the  angular  displacement  of  the  torsion  beams  will  initialize 
an  elastic  recovery  torque.  Therefore,  the  micromirror  become  steady  only  when  these  torques  are  equal  (equilibrium 
condition). 

The  elastic  recovery  torque  Mr  caused  by  the  torsion  beams  can  be  expressed  as 

4  GId 

Mr=—^e,  (4) 

where  G  is  torsion  modulus  (G*  66  GPa  for  polysilicon6),  /  is  the  total  length  of  the  two  torsion  beams,  and  Ip  is  the  polar 
moment  of  inertia  of  the  torsion  beam  expressed  as16 


I  =tw2  — -0.21—  1  — — t 

p  3  f  l  12f4 


I=t3w  -  -0.21-1 — — — T 
p  3  w{  12  wA 


For  torque  equilibrium,  M e  =  Mr ,  therefore 


for  t  >w  (t  and  w  are  the  thickness  and  the  width  of  torsion  beam),  and 


for  w>t. 


Ill 


(6) 


This  is  the  generalized  and  normalized  equation  representing  the  relation  of  the  rotation  angle,  the  driving  voltage  and  all  the 
structural  parameters. 


In  practical  uses,  we  require  that  the  maximum  value  of  V  should  not  be  too  large.  From  Eq.  (6),  we  can  see  the  value  of  V  is 
determined  by  two  factors.  The  first  is  the  ©that  requires  the  maximum  driving  voltage;  this  is  governed  by  the  second  item 
in  Eq.  (6),  which  results  in  a  snap-down  effect  that  will  be  discussed  in  the  next  subsection.  The  other  factor  is  the  first  item  in 
Eq.  (6),  which  comes  from  the  structural  parameters  of  micromirror. 


Driving  Voltage  V  (volt) 


(a)  (b) 

Fig.  2(a)  The  parameters  of  the  micromirror,  (b)  The  curve  showing  the  relation  between 
driving  voltage  and  rotation  angle 

Eq.  (6)  shows  that  the  driving  voltage  is  directly  proportional  to  6mJa  and  lpm  and  is  indirectly  proportional  to  Lm  and  lin. 
Since  lp  is  approximately  directly  proportional  to  t3  and  w  (supposing  t<w,  as  is  true  in  most  cases),  V  oc  t312 ,  w112 .  As  a 
result,  1)  the  driving  voltage  will  increase  to  a  very  high  value  if  the  maximum  rotation  angle  is  designed  to  be  large.  This  is 
one  reason  for  the  difficulty  in  achieving  micromirror  devices  with  large  design  rotation  angles.  2)  To  minimize  the  driving 
voltage,  it  is  more  efficient  to  minimize  the  thickness  of  the  torsion  beam  than  to  increase  the  lengths  of  the  micromirror  and 
the  torsion  beam,  or  to  minimize  the  width  of  the  torsion  beam  as  well.  3)  The  micromirror  width  a  and  the  gap  h  do  not 
directly  influence  the  actuation  relation  since  they  are  combined  into  6max.  That  is  to  say,  if  we  want  to  design  a  micromirror 
whose  maximum  rotation  angle  has  been  selected,  we  cannot  minimize  the  driving  voltage  by  simply  changing  the 
micromirror  width  or  the  gap. 

For  a  micromirror  whose  parameters  are  as  shown  in  Fig.  2(a),  the  curve  of  driving  voltage  versus  rotation  angle  is  given  in 
Fig.  2(b).  This  curve  shows  that  initially  the  required  driving  voltage  increases  with  rotation  angle,  and  the  increase  of  driving 
voltage  is  much  more  rapid  than  that  of  the  rotation  angle.  As  the  rotation  angle  reaches  a  certain  value  0O  (or  equivalently, 
O0),  the  required  driving  voltage  reaches  its  maximum  Vmax  (This  turning  point  in  the  curve  and  the  angle  can  be  named  as 
snap-down  point  and  snap-down  angle  respectively.).  Thereafter,  a  smaller  voltage  is  required  to  maintain  the  torque 
equilibrium.  However,  when  the  micromirror  rotates  beyond  G0)  it  will  rapidly  snap  down  until  its  edge  touches  the  substrate 
since  the  voltage  required  to  rotate  further  is  smaller  than  the  current  driving  voltage.  This  is  the  snap-down  phenomenon. 
Consequently,  after  the  snap-down  point,  the  V-0  relation  will  not  follow  the  curve  defined  by  Eq.  (6)  but  be  a  straight-up  line 
(dotted  line  in  Fig.  2(b)).  In  the  release  procedure,  the  micromirror  will  not  rotate  back  until  the  driving  voltage  is  smaller 
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than  a  certain  value.  This  hysteresis  phenomenon  is  another  property  of  the  torsion  micromirror,  which  is  similar  to  the 
steady-state  trigger  circuit,  and  can  be  used  in  optical  switches  and  digital  displays,  etc.  to  address6,  17  and  self-lock18  the 
micromirror  array. 

2.3  Snap-down  effect 

The  snap-down  effect  of  the  torsion  micromirror  is  due  to  the  non-linearity  of  the  electrostatic  force  that  is  indirectly 
proportional  to  the  square  of  the  distance.  When  the  torsion  beam  rotates  and  thus  the  gap  between  micromirror  and  electrode 
becomes  smaller,  the  elastic  torque  increases  linearly  while  the  electrostatic  torque  increases  rapidly,  especially  when  the 
micromirror  is  near  to  the  electrode.  Finally,  the  torque  equilibrium  cannot  be  met. 

The  snap-down  effect  decreases  the  angle  range  that  can  be  driven  smoothly,  which  is  bad  for  some  applications  where  a  large 
smooth  driven  angle  is  critical,  such  as  laser  printing,  laser  scanning  and  optical  reading  heads.  Theoretically,  we  can  get  the 

dV 

snap-down  point  by  numerically  solving - =  0 .  From  this  point  of  view,  it  is  easy  to  see  that  the  first  item  in  Eq.  (6)  has 

d® 

no  contribution  to  the  position  of  the  snap-down  point  and  only  the  second  item  governs  the  snap-down  effect.  In  the  other 
words,  the  dimensions  of  the  micromirror  and  the  torsion  beam  have  no  influence  on  the  snap-down  effect.  Conversely,  it  is 
only  determined  by  the  position  and  size  of  the  electrodes. 


Fig.  3  Variation  of  snap-down  angle  with  electrode  parameter  (a=0J) 


Fig.  3  demonstrates  the  change  of  the  snap-down  angle  with  the  electrode  parameter.  Here  a  and  p  are  normalized  parameters, 

(/?  _  a\a 

aa  denotes  the  gap  between  the  two  electrodes,  and  — -  represents  the  width  of  each  electrode.  From  Fig.  3  we  can 

see  that  the  snap-down  angle  is  high  when  pis  small,  and  become  ~0.5  at  large  p. 

If  the  torsion  beam  is  located  along  the  diagonal  direction  of  the  micromirror,  the  snap-down  angle  can  be  increased  to  -0.8. 
However,  this  improvement  is  at  the  price  of  the  decrease  of  the  maximum  achievable  rotation  angle. 
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2.4  Capacitance  of  the  micromirror 


Fig.  4  The  capacitance  variation  of  the  micromirror 


Based  on  the  parallel  plate  capacitor  model,  the  micromirror  and  the  electrode  form  a  capacitor  whose  capacitance  varies  with 
the  angle  rotation.  Similar  to  the  calculation  of  electrostatic  torque  in  section  2.1,  the  capacitance  can  be  obtained  by 
integration 


C=  jdC  = 


eL  1  .  1  -  a© 

^max  0  n\~P© 


(7) 


sL(P  -  a) 

When  &-+0,  C->C0— - - - .  Fig.4  shows  the  variation  of  capacitance  with  angular  position  for  the  micromirror 

^max 

whose  parameters  are  shown  in  Fig.  2(a). 


Fig.  4  shows  that  the  capacitance  of  the  micromirror  is  insensitive  when  the  rotation  angle  is  negative  (i.e.  when  the 
micromirror  is  driven  by  the  other  electrode  to  rotate  to  the  other  side)  or  small,  and  becomes  sensitive  only  when  the 
normalized  rotation  angle  is  relatively  large  (>0.5).  Since  the  capacitance  of  the  micromirror  changes  with  the  rotation  angle, 
it  can  be  employed  to  measure  the  angular  displacement  of  the  micromirror.  Compared  with  the  optical  measurement 
methods1, 3>  4’  5’ 13,  l9’ 20  that  are  most  widely  used,  this  method  seems  to  be  simpler  and  sufficiently  accurate. 

2.5  Design  and  fabrication  of  micromirror 

Based  on  the  previous  analysis,  a  micromirror  with  parameters  as  shown  in  Fig.  2(a)  has  been  designed  and  fabricated.  The 
main  functional  parameters  are:  (1)  the  maximum  rotation  angle  Omax=3.2°,  (2)  the  snap-down  angle  €>#=0.52  {00=1.7°),  (3) 
the  maximum  driving  voltage  Vmax=  9.0  V ,  and  (4)  the  natural  frequency  is  about  100kHz. 

The  micromirror  is  fabricated  using  the  three-layer  polysilicon  surface  micromachining  technology  offered  by  the  MEMS 
Technology  Application  Center  at  North  Carolina  (MCNC)  under  Multi-User  MEMS  Processes  (MUMPS).  Fig.  5  shows  the 
micrographs  of  the  micromirror.  At  the  top,  the  micromirror  is  supported  by  two  torsion  beams  (Fig.5  (b)),  which  are 
sequentially  connected  to  and  supported  by  two  anchors  (Fig.  5(a)).  Beneath  the  micromirror  lie  two  electrodes  that  are 
connected  to  the  pads  to  input  a  driving  voltage  (Fig.  5  (c)).  Additionally,  one  anchor  is  connected  to  another  pad  to  ground 
the  micromirror  surface.  In  this  design,  the  micromirror  is  divided  into  two  parts  connected  by  a  10/jmxlOjjm  bridge  (Fig.  5 
(b))  to  increase  the  length  of  the  torsion  beam. 
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(a)  Micrograph  of  the  whole  micromirror 


(b)  Close-up  of  the  torsion  beams 


(c)  View  of  the  electrodes  after  removing  the  micromirror 


Fig.5  the  micrographs  of  the  different  parts  of  the  micromirror 
3.  CONCLUSION 

We  have  studied  the  electrostatic  torque  of  the  torsion  beam  micromirror  based  on  the  parallel  plate  capacitor  model,  and 
subsequently  derived  a  generalized  and  normalized  equation  governing  the  static  characteristics  of  the  torsion  micromirror. 
From  this  equation,  we  drew  conclusions  that  (1)  to  minimize  the  driving  voltage,  the  most  efficient  way  is  to  minimize  the 
thickness  of  the  torsion  beam,  (2)  the  snap-effect  is  not  influenced  by  the  micromirror  size  or  the  torsion  beam  dimension, 
rather  it  is  only  determined  by  the  size  and  position  of  the  electrodes.  The  relation  between  the  micromirror  capacitance  and 
the  rotation  angle  was  derived  and  discussed,  resulting  in  a  suggestion  of  a  means  of  measuring  the  rotation  angle  through  its 
capacitance.  Based  on  the  model  used,  a  torsion  beam  micromirror  has  been  designed  and  fabricated,  and  is  currently  being 
tested. 
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ABSTRACT 

In  this  paper,  a  new  method  for  actuating  micro-mirrors,  which  utilizes  bending  of  the  micro-mirror  plate,  was  proposed  in 
order  to  increase  the  rotational  angle  without  increasing  the  sacrificial  layer  thickness.  The  analytical  model  of  the  proposed 
actuating  method  was  established  and,  based  on  the  analytical  model,  the  expected  micro-mirror  operation  is  presented.  In 
order  to  confirm  the  expected  operation  surface-micromachined  polysilicon  micro-mirror  was  fabricated  and  tested.  The 
bending  of  the  micro-mirror  plate,  however,  was  not  observed  in  the  experiment  with  the  fabricated  micro-mirror.  There  are 
two  possible  reasons  for  this.  One  is  the  driving  force  reduction  due  to  the  decreasing  of  the  voltage  difference  between  the 
micro-mirror  plate  and  underlying  electrode  caused  by  electrical  conducting  between  the  two.  The  other  is  the  non-optimized 
design  in  the  mechanical  structure  which  causes  the  bending  of  the  supporting  beam  before  the  plate  starts  to  bend. 

Keywords:  MEMS,  micro-mirror,  electrostatic  driving,  plate  bending 


1.  INTRODUCTION 

Recently  there  has  been  a  growing  interest  in  the  development  of  the  micromachined  mirror  that  can  be  used  in  optical 
applications  such  as  the  projection  display.  A  typical  micro-mirror  consists  of  mirror  plate,  mechanical  supporting  part,  and 
actuating  part.  The  micro-mirrors  are  supported  by  either  torsional  flexures  or  bending  arms  and  they  provide  a  mechanical 
force  to  reset  the  micro-mirrors.  The  most  common  method  for  actuating  micro-mirror  is  the  use  of  an  electrostatic  force 
between  the  micro-mirror  and  underlying  electrode  because  the  electrostatic  driving  has  many  advantages  such  as  low  power 
consumption,  easy  fabrication,  and  bi-directional  actuation. 

The  rotational  angle  of  micro-mirrors  is  usually  limited  by  the  gap  between  the  micro-mirror  plate  and  the  substrate  and 
hence  the  sacrificial  layer  must  be  thick  enough  in  surface  micromachining  technique.  In  this  paper,  a  new  method  for 
actuating  micro-mirrors,  which  utilizes  bending  of  the  micro-mirror  plate,  was  proposed  in  order  to  increase  the  rotational 
angle  without  increasing  the  sacrificial  layer  thickness. 


2.  MICRO-MIRROR  ACTUATION  MECHANISM  USING  PLATE  BENDING 

2.1.  Operation  principle 

Fig.  1  shows  a  schematic  view  of  a  micro-mirror  including  mirror  plate,  supporting  beams,  and  driving  electrode.  When  a 
small  driving  voltage  is  applied  between  the  mirror  plate  and  underlying  electrode  in  micro-mirror  configuration,  the  mirror 
plate  is  rotated  due  to  the  electrostatic  force  generated  by  the  voltage  difference  between  two  electrodes.  The  rotational  angle 
of  the  mirror  plate  is  determined  by  balancing  between  the  electrostatic  force  and  mechanical  torque  of  the  supporting  beams. 
In  static  equilibrium,  the  electrostatic  force  and  the  mechanical  force  are  equal,  resulting  in  a  stable  condition  for  the  micro¬ 
mirror.  As  the  driving  voltage  is  increased  higher  than  the  stable  condition,  the  electrostatic  force  increases  and  eventually 
overcomes  the  mechanical  force,  resulting  in  instability  or  a  collapse  condition,  where  one  edge  of  the  mirror  plate  contacts 
the  substrate  surface  as  shown  in  Fig.  1(a).  The  rotational  angle  of  the  micro-mirror,  in  this  case,  is  limited  by  the  gap 
between  the  mirror  plate  and  underlying  electrode. 
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Mirror  plate 


(a)  Rotation  of  the  mirror  plate  is  limited  by  (b)  Expected  plate  bending  at  higher  driving  voltage 

the  gap,  tsaCi  in  common  micro-mirror  configuration  than  (a) 


Fig.  1  Schematic  diagram  showing  the  bending  mode  operation  in  a  micro-mirror 

If  the  magnitude  of  the  driving  voltage  is  further  increased,  then  the  minor  plate  would  start  to  bend  as  shown  in  Fig.  1(b) 
and  the  rotational  angle  of  the  mirror  plate  will  increase.  Therefore,  the  limit  in  the  rotational  angle  can  be  extended  with 
identical  sacrificial  layer  thickness(4flC)  when  this  bending  of  the  mirror  plate  is  used. 

2.2.  Analytical  model 


(a)  Schematic  view  of  the  micro-mirror  (b)  Cross-sectional  view  of  the  micro-mirror 


Fig.  2  Schematic  view  of  the  micro-mirror  for  the  analytical  modeling 

A  schematic  view  for  the  analytical  description  of  the  micro-mirror  was  sketched  in  Fig.  2.  The  capacitance  in  the 
incremental  section  Ax  is  given  as 


AC  =  =  eLeAx 

g-(.s  +  x)tan0  g-t 


(1) 


where  s  is  the  permittivity  in  the  vicinity  between  the  mirror  plate  and  underlying  electrode  and  t  is  amount  of  gap  reduction 
of  an  incremental  section  Ax ,  which  is  a  function  of  *,  t(x),  When  the  driving  voltage  with  the  magnitude  of  V  is  applied 
between  the  mirror  plate  and  underlying  electrode  the  electrostatic  force  is  generated  as  follows. 


—ACV2 

2 


sLe  AxV2  1 

2  (g-t)2 


(2) 
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Thus  the  total  electrostatic  torque  due  to  the  electrostatic  force  can  be  obtained  by  integrating  the  contributions  of  all  the  plate 
elements  as  shown  in  equation  (3). 


Te  =  J^'  AFe  cos6(s  +  x) 

_  eLV2cos>0(  g  g  +  ^anfl^j  (3) 

2 tan2  0  ^g-(s  +  fFe)tan0  g-sXznQ  g-stan#  J 

The  rotational  angle  of  the  mirror  plate  is  determined  by  the  balancing  between  the  above  electrostatic  torque  and  mechanical 
torque  given  as1 


GO 

161* 


w^3 


16 

3 


hA 

iK/ 


(4) 


where  G  =  £/[2(l+v)]  and  £  and  v  are  Young’s  modulus  and  Poisson’s  ratio,  respectively.  When  the  applied  driving  voltage 
is  small,  a  stable  condition,  where  the  electrostatic  torque  is  equal  to  the  mechanical  torque,  is  established  and  hence  the 
rotational  angle  is  determined.  As  the  driving  voltage  increases  the  electrostatic  torque  becomes  larger  than  the  mechanical 
torque.  Thus  the  stable  condition  doesn’t  hold  any  more  and  the  plate  starts  to  rotate  more  until  one  edge  touches  the 
substrate  surface.  The  rotational  angle  is  limited  by  the  saturated  value  of  0& at=  tan ~l(g/Lpj).  This  behavior  can  be  confirmed 
from  Fig.  3  which  shows  the  calculated  electrostatic  force  and  mechanical  torque  as  a  function  of  the  driving  voltage. 
Dimensions  and  constants  used  in  the  calculation  are  presented  in  Table  1. 


Fig.  3  The  calculated  electrostatic  and  mechanical  torque  as  a  function  of  the  driving  voltage 

If  the  driving  voltage  is  further  increased,  then  the  mirror  plate  would  start  to  bend.  For  the  simplicity  in  modeling,  the 
driving  voltage  was  divided  into  two  portions:  One  portion  generates  the  bending  of  the  mirror  plate  and  the  other  portion 
gives  rise  to  the  twisting  of  the  supporting  beams.  The  electrostatic  force  generating  the  bending  of  the  mirror  plate  in  the 
incremental  section  of  Ax  is  calculated  as 


sL  AxVl 


1 


2  [g  -  (s  +  x)  tan  9M  -  S(y)  cos  0M  ] 


(5) 
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where  Vb  is  the  portion  of  the  driving  voltage  that  generates  the  bending  of  the  mirror  plate  and  5(y)  is  the  magnitude  of  the 
bending  at  the  position y  in  the  mirror  plate. 


Table  1.  Dimensions  and  constants  used  in  the  calculation 


Width  of  the  driving  electrode 

we 

40  jjm 

Length  of  the  driving  electrode 

Le 

100  fm i 

Gap  between  the  driving  electrode  and  the  rotational  axis 

s 

10  fjvci 

Gap  between  the  mirror  plate  and  the  driving  electrode 

g 

2  fjm 

Length  of  the  supporting  beam 

Lb 

70  jum 

Width  of  the  supporting  beam 

wb 

3  fjm 

Thickness  of  the  structure 

h 

2  jim 

Length  of  the  mirror  plate  in  the  direction  of  the  electrode 

LP, 

55  jum 

Young’s  modulus 

E 

160  GPa 

Poisson’s  ratio 

V 

0.23 

Assuming  the  simply  supported  boundary  condition  5(y)  due  to  the  AFebend  is  obtained  from2 

-a)y. 


m  =  —K  - (£„  -  a)2  -  y2 ] 


6  EILpX 

-a)y 

6EIL_, 


[L2-(Ll-a)2-y2]  + 


^Ay-af 

6EI 


(0  <y<a) 


(a  <y  <Lpi) 


(6) 


where  a  is  the  position  where  the  electrostatic  bending  force  is  applied  and  /  is  the  second  moment  of  an  area  given  as 
Wph3/12.  When  the  mirror  plate  is  bent  the  bending  angle  of  the  mirror  plate  at  the  supporting  point  is  given  as2 

a(2Lpl-a)(Lpl-a)dx 


o  -  \£iy: 

Ubend  ~~  J 


o  12 EILpl  [g-(s  +  x )  tan  0sat  -  8 (y)  cos  ] 


(7) 


Therefore  the  total  rotational  angle  of  the  mirror  plate  is  increased  by  the  amount  of  Qbend.  The  portion  of  the  driving  voltage 
generating  the  bending  of  the  mirror  plate  is  determined  from  the  requirement  that  the  electrostatic  torque  due  to  the  extra 
portion  of  the  driving  voltage  needs  to  be  equal  to  the  mechanical  torque.  If  the  driving  voltage  is  further  more  increased  the 
bending  angle  of  the  mirror  plate  at  the  position  where  the  mirror  plate  contacts  with  the  substrate  is  limited  by  the  0sat .  In  this 
case  the  guided  boundary  condition  must  be  used  in  equation  (6)  and  therefore  equations  (6)  and  (7)  are  changed  to  equations 
(8)  and  (9),  respectively. 


S{y)=^m+2 -2aAFeM„dLpl] 


(0  <  y<a) 

(Rb 


— — AFeM"j)y  - -AF  W)L2  t+2aAF  ,]  +  — — +  aAF‘^L?' 

6EI  2EI  2EI  p  eM  pJ  3  El  2EI 


(8) 


(a  <y  <LpI) 
where  Ra  =  AF  , 


n  fl(a2-3I2,) 
2  L\ 


^ bend  J 


(  „2 
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—  aAF  .  ,L  , 

e.bend  pi 
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3.  MICRO-MIRROR  FABRICATION  AND  EXPERIMENTAL  RESULTS 


3.1.  Micro-mirror  fabrication 

In  order  to  confirm  the  analytical  model,  a  micro-mirror  was  designed  with  dimensions  shown  in  Table  1.  The  designed 
micro-mirror  was  fabricated  by  MEMS  MPC  service  offered  by  Microsystem  Technology  Center  where  two  polysilicon 
layers  were  used  for  both  the  driving  electrode  and  mechanical  structure,  respectively. 

Starting  with  silicon  wafer,  500  silicon  dioxide  was  grown  by  wet  oxidation  and  then  1500  silicon  nitride  was  deposited 
by  LPCVD  for  the  electrical  isolation(Fig.  4(a)).  For  the  electrical  connection  and  driving  electrode,  5000  thick  LPCVD 
polysilicon  was  deposited  and  pattemed(Fig.  4(b)),  then  2  /zm  thick  TEOS  sacrificial  layer  was  deposited  and  patterned  to 
stick  the  structure  to  the  substrate(Fig.  4(c)).  After  patterning  the  sacrificial  TEOS  layer,  structural  LPCVD  polysilicon  of  2 
fjm  thickness  was  deposited  and  patterned  as  shown  in  Fig.  4(d).  Finally,  to  release  the  fabricated  micro-mirror  structure,  the 
sacrificial  TEOS  layer  was  wet  etched  and  the  sample  was  dried  by  the  sublimation  drying  method  with  p-DCB  to  prevent  the 
sticking  problem  SEM  photograph  of  the  fabricated  micro-mirror  is  presented  in  Fig.  5,  which  is  the  top  view  of  the  entire 
structure. 


(a>  insulating  layer  deposition 


(b)  electrode  poly-Si  depo,  &  pattern 


(c)  sacrificial  TEOS  depo,  &  pattern 


(d)  structural  poiy~$i  depo,  &  pattern 


(e)  sacrificial  layer  removal 


Fig.  4  Fabrication  sequence  of  the  micro-mirror 


3.2.  Experimental  results 

In  order  to  obtain  the  relationship  between  the  rotational  angle  and  the  driving  voltage,  the  surface  profile  change  of  the 
micro-mirror  due  to  the  electrostatic  torque  was  measured  as  a  function  of  driving  voltage  using  3-dimensional  profiler 
ACCURA1500(manufactured  by  INTEC  ENG.  CO.  LTD.).  Two  measured  3D  profiles  of  the  micro-mirror  are  shown  in  Fig. 
6(a)  and  6(b)  where  the  driving  voltage  was  0V  and  18V,  respectively.  With  the  measured  3D  profiles,  the  rotational  angle 
was  calculated  from  the  gradient  of  the  mirror  plate. 
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(a)  Driving  voltage  =  0  V  (b)  Driving  voltage  -18  V 

Fig.  6  3D  profiles  of  the  micro-mirror  when  the  driving  voltages  were  0  V  and  18  V 


input  voltage  [V] 


input  voltage  {V] 


(a)  Rotational  angle  change  in  forward  direction 


(b)  Rotational  angle  change  in  backward  direction 


Fig.  7  Experimental  vs.  calculated  rotation  angle  as  a  function  of  the  driving  voltage 


The  rotational  angle  obtained  from  these  3D  profiles  is  plotted  in  Fig.  7  as  a  function  of  driving  voltage.  In  order  to  fit  the 
analytical  model  with  experimental  results  it  was  assumed  that  the  0.06  /*n  over-etch,  0.03  /an  and  0.06  /an  under-deposition 
in  polysilicon  and  TEOS,  respectively,  and  Young’s  modulus  of  146  GPa.  These  fitting  values  are  in  the  margin  of  each 
parameter3.  As  shown  in  Fig.  7,  experimental  data  in  the  backward  direction  agreed  quite  well  with  the  analytical  curve  but 
the  data  in  the  forward  direction  show  little  higher  rotational  angle  in  sub-saturation  region  and  faster  saturation  than 
expected.  These  discrepancies  in  the  forward  direction  may  be  due  to  a  larger  electrostatic  force  acting  on  the  mirror  plate 
than  expected.  A  possible  cause  of  the  larger  electrostatic  force  may  come  from  the  fringing  field  between  the  side  and  top  of 
the  mirror  plate  and  the  broad  underlying  electrode. 


4.  DISCUSSIONS  AND  CONCLUSIONS 

The  bending  of  the  micro-mirror  plate  was  not  observed  in  measurement  with  the  fabricated  micro-mirror.  There  are  two 
possible  reasons  for  this.  One  is  the  driving  force  reduction  due  to  the  decreasing  of  the  voltage  difference  between  the  micro- 
mirror  plate  and  underlying  electrode  caused  by  the  electrical  conducting  between  the  two.  In  order  to  prevent  the  electrical 
conducting  problem  it  is  necessary  to  insert  an  isolation  layer  between  the  micro-mirror  structure  and  the  underlying 
electrode.  By  doing  so,  however,  the  capacitance  reduction  due  to  the  new  series  capacitor  will  decrease  the  electrostatic 
torque  and  thus  increase  the  required  driving  voltage  for  rotating  the  mirror  plate.  The  other  is  the  non-optimized  design  in 
the  mechanical  structure  which  gives  rise  to  the  bending  of  the  supporting  beam  before  the  plate  starts  to  bend.  The  only 
possible  solution  to  this  problem  is  the  time-consuming  repetition  of  the  design  and  simulation.  The  optimized  mechanical 
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structure  can  be  obtained  from  the  iterated  simulation  and  the  analytical  model  presented  in  the  previous  section  is  expected 
to  reduce  the  iteration  number. 

Most  conventional  micro-mirrors  driven  by  electrostatic  force  need  a  thick  sacrificial  layer  to  obtain  the  required  rotational 
angle.  The  thick  sacrificial  layer  introduces  the  difficulties  in  the  fabrication  and  increases  the  required  driving  voltage.  A 
bending  mode  operation  of  the  mirror  plate  was  proposed  in  this  paper.  By  using  this  driving  method  a  large  rotational  angle 
can  be  obtained  without  increasing  the  sacrificial  layer  thickness.  An  analytical  model  for  the  bending  motion  of  the  mirror 
plate  was  established  and  in  order  to  confirm  the  model  micro-mirror  with  thin  sacrificial  layer  was  fabricated  using  a  simple 
2-polysilicon  process  and  tested.  The  test  results,  however,  didn’t  show  the  bending  mode  operation  of  the  mirror  plate.  There 
are  two  possible  reasons  for  this:  one  is  the  driving  force  reduction  due  to  the  electrical  conducting  between  the  mirror  plate 
and  underlying  electrode  and  the  other  is  the  non-optimized  design  in  the  mechanical  structure.  In  order  to  solve  these 
problems  an  insulating  layer  needs  to  be  inserted  between  the  mirror  plate  and  underlying  electrode  and  the  design  of  the 
mechanical  structure  must  be  optimized  through  the  iterated  simulation.  When  these  problems  are  solved  the  proposed 
driving  method  using  the  bending  mode  operation  of  the  mirror  plate  can  be  utilized  and  a  micro-mirror  with  thin  sacrificial 
layer  can  also  be  realized. 
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ABSTRACT 

In  this  paper,  a  high  performance  CMOS  readout  structure  is  proposed  and  applied  for  surface  micromachined 
bolometer  arrays.  The  silicon  readout  circuit  is  an  important  interface  circuit  for  detector  array  and  signal  processing  stages 
in  the  IR  image  system.  Conventional  readout  configrations  for  thermal  resistive  sensors  can  be  classified  into  four  groups 
(l).Constant  Temperature  (CT)  (2). Constant  Current  (CC)  (3).Constant  Voltage  (CV)  (4). Constant  Bias(CB).  To  achieve  a 
high  performance  readout  and  fit  the  working  characteristics  of  IR  detector  material,  new  CMOS  readout  structures  have 
been  developed  and  fabricated.  Based  on  the  application  of  the  proposed  Constant  Current  (CC)  input  biasing  technique,  a 
new  CMOS  Bandgap  Reference  Constant  Current  (BRCC)  readout  structure  is  proposed  and  analyzed.  The  low  power 
CMOS  readout  circuit  is  achieved  using  the  reset  switch  techniques.  By  applying  the  proposed  (BRCC)  bias  technique  to 
improve  low  power,  High  linearity  and  low  sensitivity  of  the  resistive  bolometer  detectors  and  high  performance  readout 
interface  circuit  for  the  IR  linear  array  is  realized  with  a  pixel  size  of  50  x  50//  m2. 

Keywords  :  Bolometer,  CT  ,  CC  ,  CV  ,  CB  ,  BRCC  ,  CMOS  ,  IR  linear  array,  Pixel  Size 

I.  INTRODUCTION 

The  silicon  sensor  for  radiant  signals  is  considered  to  be  the  first  silicon  sensor  ever  produced.  In  recent  years,  the 
development  of  new  technologies  and  improvements  in  the  capabilities  of  existing  technologies  have  led  to  new  sensor 
structures.  IR  detectors  are  divided  into  two  categories  :  photo  detectors,  which  directly  detect  the  IR  photons,  and  thermal 
detectors,  which  detect  the  increase  in  temperature  caused  by  the  IR  signal.  Because  the  energy  carried  by  photons  in  the 
infrared  bandwidth  is  lower  than  the  energy  required  for  electrons  to  cross  the  silicon  bandgap,  silicon  sensors  for  IR  signals 
usually  operate  as  thermal  detectors.  The  main  advantage  of  thermal  detectors  has  been  the  ability  to  absorb  radiation  over  a 
broad  IR  wave  length  range.  They  have  found  applications  in  infrared  spectroscopy,  burglar  alarms,  fire  detection  and 
thermal  imaging  in  industry  and  medicine. 

A  1x128  pixels  bolometer  infrared  linear  array  array,  using  thin  film  polycrystalline  silicon  films  was  developed. 
The  device  is  a  monolithically  integrated  structure  with  a  polycrystalline  bolometer  detector  located  over  a  high 
performance  readout  circuit.  Since  the  thermal  conductance  of  the  polycrystalline  bolometer  detector  is  minimized,  the 
temperature  of  the  detector  itself  increases  by  applying  the  bias  current.  In  this  paper,  a  new  readout  circuit  called  the 
Bandgap  Reference  Constant  Current(BRCC)  is  proposed  to  solved  the  above  mentioned  problems  and  improve  the  readout 
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performance.  The  BRCC  readout  circuit  of  the  bolometer  unit  cell  sensor  under  investigation,  is  composed  of  a  bandgap 
reference  circuit,  source  follower  per  detector,  high  gain  amplifier,  and  reset  switch.  The  BRCC  readout  chip  was  designed 
in  0.5 /zm  double  poly  double  metal  (DPDM)  n-well  CMOS  technology  in  1x128.  The  high  gain  ,  low  power  ,  high 
sensitivity  readout  performances  for  the  bolometer  detector  were  achieved  in  a  50x50  fi  m2  pixel  size. 


n.  1x128  PIXEL  POLYCRYSTALLINE  BOLOMETER  IR  FRA 

High-temperature  superconducting  microblolmeter  silicon  microstructure  infrared  arrays  offer  the  potential  of  lowest 
possible  production  cost  combined  with  high  performance  for  use  in  infrared  imaging  systems.  Linear  arrays  employing  thin 
films  of  polycrystalline  have  been  prepared.  The  silicon  Micro-Electro-Mechanical  (MEM)  can  be  divided  into  two 
categories:  bulk  and  surface  MEM  *,  bulk  MEM  means  the  realization  of  micromachanical  structures  using  the  accurate 
machining  of  a  relatively  thick  subtract.  For  example,  membranes  can  be  formed,  by  backside  etching  of  silicon  substrate 
using  crystal  orientation  dependence  2’3.  Nowadays,  a  number  of  firms  successfully  manufacture  and  market  silicon 
transducers  based  on  bulk  processing.  This  requires  construction  of  structures  from  stacked  thin  films.  Their  dimensions  are 
generally  one  or  two  orders  of  magnitude  smaller  than  those  of  bulk  micromachind  devices.  Thus,  miniaturization  can  be 
considerably  in  creased.  One  particular  advantage  of  surface  micromachined  devices  is  their  easy  integration  with  IC 
components,  since  the  wafer  surface  is  also  the  working  area  of  IC  elements.  At  present,  most  devices  are  still  at  their 
prototype  stage.  In  this  thesis,  development  of  microelectromechanical  thermal  detectors  that  belong  to  the  surface 
micromachining  area  was  achieved. 

The  thermal  isolation  of  the  detector  was  realized  by  forming  the  detector  onto  a  microbridge  structure4.  First,  a 
sacrificial  island  is  formed  on  each  pixel.  Nest,  a  support  layer  is  deposited  to  support  the  detector.  The  support  layer  is 
made  of  silicon  nitride  having  a  low  thermal  conductivity.  A  polysilicon  resistor  is  then  formed  onto  the  support  layer.  An 
insulation  layer  is  deposited  on  that.  Etching  windows  are  made  at  the  edge  of  the  sacrificial  layer.  Finally,  an  electrode 
pattern  connects  the  resistor.  SEM  photograph  of  the  single  pixel  and  linear  array  pixel  of  bolometers  are  shown  in  Fig.  L 
The  procedures  for  the  micro  bolometer  are  shown  in  Fig.2.  We  have  selected  polysilicon  as  the  bolometer  material.  Since 
polysilicon  is  commonly  used  in  the  conventional  Si- VLSI  process,  we  can  manufacture  the  sensor  using  current  Si- VLSI 
facilities. 

The  thermal  isolation  between  the  bolomrter  and  the  substrate  is  accomplished  by  forming  the  bolometer  on  the 
microbridge  structure  fabricated  in  each  pixel  using  the  surface  micromachining  technology  since  polysilicon  is  generally. 
Used  in  the  conventional  Si- VLSI  process,  this  choice  of  detector  material  makes  it  possible  to  manufacture  the  image 
sensors  using  only  existing  Si- VLSI  facilities,  and  realize  a  low  cost  uncooled  infrared  camera. 

We  fabricated  microbolometers  using  surface  micromachining  techniques,  which  proved  to  be  reliable 
microelectromechanical  devices,  in  which  the  specific  detectivity  of  constant-bias  voltage  circuit  was  attained.  The 
incorporated  features  are  that  the  polysilicon  infrared  detector  is  controled  by  low  stress  LPCVD  silicon  nitride,  thermal 
isolation  structure  in  the  pixel,  and  a  wafer  immersed  in  EDP  and  subsequently  rinsed  in  ACE.  The  process  yield  reached 
95%. 
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m.  READOUT  CIRCUIT  DESCRIPTION 

The  1x128  linear  array  BRCC  readout  structure  is  composed  of  four  parts:  the  bandgap  reference  circuit,  the  unit  cell 
input  stage,  the  common  output  stage  and  the  logic  control  function  generator.  The  readout  circuit  configuration  is  shown  in 
Fig.  3.  Each  cell  has  bolometer  and  BRCC  readout  circuit  cell.  Each  column  line  also  has  MOSFETS.  These  MOSFETs 
serve  as  switches.  Horizontal  shift  register  to  allow  individual  addressing  of  the  pixel.  The  signal  reading  of  each  pixel  was 
performed  as  follows:  Sending  data  to  the  shift  register  turns  on  one  time  of  cell  MOSFETs.  This  applies  a  voltage  pulse 
to  the  detector  of  the  bolometer  of  each  pixel,  so  that  it  is  possible  to  read  changes  in  the  bolometer’s  resistor.  The  sample 
and  hold  circuits,  composed  of  a  capacitor  and  MOSFETs  convert  them  into  signals.  This  is  done  for  each  line  in  order,  so 
the  signals  of  all  pixel  can  be  read. 


Detector 

Fig.  3.  Structure  diagram  of  1  x  128  BRCC  Linear  Array 

A.  The  bandgap  reference  circuit 

The  unit  readout  cells  have  constant  current  with  a  bandgap  reference  circuit.  In  order  to  reduce  the  effect 
caused  by  the  operating  temperature  and  power  supply  variations  for  amplifier  applications,  the  bandgap  reference 
generator  was  produced  with  the  substrate  bipolar  PNP  transistors  in  the  standard  CMOS  fabrication  process. 


Fig.  4.  Schematic  and  layout  diagram  of  bandgap  reference  circuit. 
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B.  The  Unit-Cell  Input  Stage 

The  unit  cell  input  stage  was  produced  using  a  previously  proposed  SFD  circuit  and  cascode  amplifier.  The  UNC  input 
circuit  supports  variable  gain  efficiency,  good  detector  bias  stability,  low  noise,  good  threshold  uniformity,  low  power 
dissipation,  and  small-size  input  stage.  The  bolometer  signal  voltage  is  mirrored  to  the  selected  switch  and  a  voltage  gain  is 
introduced  using  the  cascode  amplifier  to  improve  the  detection  sensitivity,  and  noise  coupling  effect  to  the  input  stage.  In 
the  design  of  the  BRCC  input  stage,  a  high-swing  cascode  voltage  mirror  is  used  to  increase  the  output  impedance  and 
voltage  accuracy.  As  shown  in  Fig.  5  the  source  follower  is  composed  of  M2  to  M4  and  cascode  amplifier  is  composed  of 
M5  to  M7.  The  voltage  gain  is  shown  in  Eg.  1. 


Vdd 


Fig.  5  BRCC  readout  schematic  diagram  of  the  unit  cell  of  bolometer  sensor 
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Using  the  reset  switch  technique  to  obtain  low  linear  array  power  dissipation.  The  M4,  M6  PMOS  switch  are  closed  when 
the  control  voltage  is  high  (OV),  and  open  when  the  control  voltage  is  low  (-5V).  The  switch  is  closed  when  the  circuit  is  not 
in  operation.  This  switch  can  reduce  (N-l)  times  power  dissipation.  The  source  follower  circuit  associate  of  that  M2,M3,M4 
MOS.  The  M3  MOS  as  an  active  load.  The  gate  voltage  (VbiasI)  can  be  controled  to  shift  output  DC  level  to  satisfy  cascode 
amplifier  of  the  second  stage  working  DC  point.  The  M7  MOS  is  active  load  of  the  cascode  amplifier.  We  can  control  gate 
voltage  (Vbias2)  to  obtain  voltage  gain  below  the  Eq.  1.  The  buffer  M8  can  be  transfer  voltage  to  current  and  output  to  sample 
and  hold  stage. 
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C.The  Output  Stage 

In  the  common  output  stage,  as  shown  in  Fig.  6.,  the  NMOS  M14  with  the  dc  gate  bias  Vbias3  =  -2V  is  the  current  source 
active  load  of  the  output  amp.  The  current  be  output  when  the  switch  Ml  2  is  ON.  The  difference  voltage  is  coupled  through 
to  the  common  output  stage.  This  eliminates  the  fixed  pattern  noise  and  1/f  noise  in  the  multiplexing  free.  The  sample  and 
hold  stage  is  achieved  by  the  PMOS  and  capacitor.  Using  the  TIA  mode  amp  can  be  obtained  output  voltage  as  Vout=  iout  • 
Rf 


Fig.  6.  BRCC  readout  schematic  diagram  of  the  S/H  and  output  stage  of  bolometer  sensor 


D.  The  Multiplexer  of  BRCC  Chip  Operation 

There  are  three  bias  voltages  in  the  BRCC  chip.  Array  them,  the  gate  voltage  Vbascl  of  source  follower  active  load,  the 
gate  voltage  Vbias2  of  cascode  amp  active  load  and  the  gate  voltage  Vbase3  of  output  amplifier  active  load.  Conversely,  in  order 
to  monitor  the  internal  current  of  the  gate,  external  bias  voltages  must  be  applied. 

The  clock  timing  waveforms  of  the  master  clock  M_Clk,  Clk,  and  Hn ,  select,  reset  with  function  generator.  Where 
the  clock  signal  has  a  high  level  of  OV  and  low  level  of  -5V.  The  readout  operation  of  the  BRCC  chip  is  described  below. 
When  the  first  the  signal  of  select  is  low  and  the  S/H  is  low  and  reset  is  low,  the  unit-cell  input  stage  is  switched  to  the 
sample  and  hold  stage  and  signal  to  be  output.  After  all  pixels  in  the  row  have  been  read,  the  row  is  reset. 
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IV.  SIMULATION  and  EXPERIMENTAL  RESULTS 

The  responsivity  of  the  detector  is  the  ratio  between  the  output  signal  and  the  detected  radiant  power.  To  measure  the 
responsivity  of  the  bolometer,  the  entire  measurement  system  was  set  up  as  shown  in  Fig.  7.  The  bolometer  was  loaded  into 
a  dewar  with  a  ZnSe  window.  The  chamber  of  the  dewar  pressure  is  below  2xl0'2  Torr.  The  ZnSe  window  has  a  high 
transmission  in  the  0.1~13um  wavelength.  The  distance  between  the  blackbody  and  bolometer  is  10  cm.  The  black  body  is 
set  at  800  K  ,  and  its  aperture  diameter  is  0.64  cm. 

Polysilicon  resistances  with  different  temperatures  are  shown  in  Fig.  8.  The  resistance  and  temperature  coefficient  of 
resistor  (TCR)  of  polysilicon  is  strongly  dependent  upon  the  impurity  concentration  in  polysilicon.  Fig.  9.  shows  the 
measured  dependence  of  the  TCR  on  the  resistivity  of  polysilicon.  When  the  impurity  concentration  increase,  both  the 
resistance  and  TCR  decrease. 

The  bandgap  reference  generator  measurement  presents  a  temperature  coefficient  of  250ppm/°C  over  the  temperature 
range  from  -20  °C  to  85°C.  Both  of  circuit  simulation  and  measured  results  of  the  bandgap  reference  biased  operational 
amplifier  are  satisfied  in  this  initial  research,  the  results  are  shown  in  the  Fig.  10.  The  linear  analysis  of  BRCC  readout 
circuit  as  show  in  Fig.  11. 


Fig.  7.  Measurement  structure  of  BRCC  IR  readout  circuit 
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Fig.  8.  Resistance  of  polysilicon  with  different  temperatures 


Fig.  9.  Dependence  of  TCR  on  resistivity  of  polysilicon 
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Fig.  10  Simulation  and  measurement  different  power  supplied  voltages  and  temperatures 


V.  CONCLUTIONS 

The  measurement  results  of  the  fabricated  readout  chip  at  room  temperature  with  VDD  and  VSS  supplied  voltages 
have  successfully  verified  both  the  readout  function  and  performance  improvement.  The  readout  circuits  corresponding  to 
thermal  sensitive  resistors  using  surface  micromachined  techniques  at  room  temperature  were  approximately  65k  Q  with  a 
resistance  of  polysilicon  temperature  coefficient  film  about  0.3%  /°C.  The  results  of  the  bandgap  reference  biased  satisfy  the 
characteristic  of  linear  resistive  bolometer  arrays.  The  fabricated  chip  has  high  gain  (>40dB)  and  an  active  power  dissipation 
(<30mW)  sensor.  The  proposed  CMOS  bandgap  Reference  Constant  Current  (BRCC)  structure  can  be  applied  to  various  IR 
FPAs. 
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ABSTRACT 

In  this  paper  we  discuss  crystal  growth,  spontaneous  emission  characteristics  and  low  threshold  performance  of  1.3  pm 
InGaAs/GaAs  quantum  dot  heterostructure  lasers  grown  using  sub-monolayer  depositions  of  In,  Ga,  and  As.  Oxide- 
confinement  is  effective  in  obtaining  a  low  threshold  current  of  1.2  mA  and  threshold  current  density  of  19  A/cm2  under 
continuous-wave  room-temperature  operation.  At  4  K  a  remarkably  low  threshold  current  density  of  6  A/cm2  is 
obtained.  We  also  discuss  ground  state  lasing  at  A=1 .07  pm  of  a  vertical  cavity  surface  emitting  laser  in  which  a  stacked 
and  high  dot  density  active  region  has  been  incorporated.  The  high  QD  density  active  region  is  achieved  using  alternating 
monolayers  of  InAs  and  GaAs.  Lasing  threshold  conditions  and  gain  parameters  for  a  ground  state  quantum  dot  vertical 
cavity  laser  are  also  analyzed. 

Keywords:  quantum  dots,  InGaAs/GaAs,  semiconductor  lasers,  surface  emitting  lasers 

1.  INTRODUCTION 

The  QD  has  advanced  from  a  physical  novelty  to  a  material  system  with  sufficient  quality  for  use  in  laser  diode  active 
regions.  Furthermore,  the  QD  active  region  has  potential  applications  in  technology,  such  as  extended  wavelength  (1.0 
pm  -  1.3  pm)  operation  of  GaAs-based  lasers1'11  and  lateral  electronic  carrier  confinement12'12  important  for 
microcavity  applications  such  as  low  power  VCSELs  and  photonic  bandgap  defect  lasers.  As  QD  growth  techniques  and 
device  designs  mature,  threshold  current  densities  decrease  and  the  QD  GaAs-based  laser  wavelength  increases.  Early 
papers  predict  that  the  QD  atomic-like  density  of  states  offer  the  potential  for  low  threshold  current,  low  current 
density1*’19  and  good  temperature  stability2®*21  compared  to  quantum  well  devices.  These  assertions  have  been  recently 
demonstrated  experimentally  with  minimum  CW,  room  temperature  (300  K)  threshold  currents  as  low  as  1.2  mA1®,  a 
threshold  current  density  of  19  A/cm2  111  and  nearly  temperature  invariant  threshold  from  4  K  to  250  K5. 

Figure  1  shows  the  historical  development  of  the  InGaAs/GaAs  QD  GaAs-based  laser  using  published  threshold  current 
densities  and  operating  wavelengths.  Major  developments  include  the  first  demonstration  of  a  QD  diode  laser  (Jth  -220 
A/cm2,  77  K,  pulsed)  in  199421.  In  1996,  the  first  300  K  QD  laser  is  reported  (Jth  =  650  A/cm2,  pulsed)22,  followed 
by  a  very  low  threshold  current  density  of  Jth  <100  A/cm2  (pulsed)25.  Later  in  1996,  the  first  CW,  300  K  operation  is 
demonstrated  (Jth  -3  kA/cm2)2^.  In  1998,  the  first  1.3  pm  diode  laser  is  reported  (Jth  =  405  A/cm2,  pulsed)1  and  in 
1999,  CW,  300  K  operation  at  1.3  pm  is  demonstrated  (Jth  =  200  A/cm2)^.  To  date,  the  lowest  threshold  current 
density  measured  for  a  QD  laser  is  19  A/cm2  (300  K,  CW)1®  with  a  wavelength  of  1.3  pm.  The  data  points  for  Fig.  1 
are  found  in  the  following  references  which  are  listed  in  order  of  publication  date:  Refs.  21-28,  1,  2,  4,  5,  6,  10.  The 
present  1.3  pm  laser  performance  is  limited  by  nonradiative  recombination  and  inhomogeneously  broadened  linewidth, 
and  the  effects  of  these  parasitic  current  paths  on  lasing  threshold  have  been  studied  theoretically  7,29-31 

The  extended  wavelength  GaAs-based  vertical  cavity  surface  emitting  laser  (VCSEL)  is  of  interest  for  applications  in 
optical  signal  transmission.  Especially  important  is  the  1.3  pm  wavelength  regime  for  optical  fiber  communication,  but 
new  applications  may  also  develop  for  VCSELs  that  operate  at  wavelengths  where  silicon  is  transparent  or  semi¬ 
transparent  (1.0pm<X<1.3  pm)  due  to  the  interest  in  hybrid  integration  with  Si  circuits.  The  benefit  of  high  quality 
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AlAs/GaAs  distributed  Bragg  reflectors  (DBRs)  and  selective  oxidation  processes  make  monolithic  AlGaAs/GaAs 
VCSELs  attractive.  In  addition,  the  QD  active  region  is  expected  to  generate  new  and  interesting  device  physics  when 
coupled  with  the  AlAs/GaAs-based  microcavity  12,14,15,17 
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Fig.  1:  The  historical  development  of  the  InGaAs/GaAs  QD  GaAs-based  laser  showing  published 
threshold  current  densities  and  operating  wavelengths  as  a  function  of  publication  year. 

Although  300  K  ground  state  lasing  has  been  demonstrated  at  1.3  \im  for  GaAs-based  edge  emitters,  QD  VCSEL 
wavelengths  have  been  similar  to  QWs13*32’33  or  have  corresponded  to  higher  energy  levelsll.  The  difficulty  in 
extending  the  VCSEL  wavelength  past  1.0  \im  out  to  1.3  (im  is  due  to  the  small  gain  in  the  ground  state  of  a  single  QD 
layer.  This  problem  is  aggravated  by  effects  of  nonradiative  recombination  at  300  K  and  the  inhomogeneously  broadened 
linewidth.  Stacking  the  QD  layers  has  been  used  by  many  groups  in  order  to  increase  the  ground  state  gain. 

In  this  paper,  we  review  crystal  growth  and  spontaneous  electroluminescence  characteristics  at  of  1.3  \lm  QDs  along  with 
low  threshold  current  density  lasing  results.  At  the  wavelength  of  1.3  (im,  we  have  achieved  a  4.1  mA  CW,  300  K 
threshold  with  an  etched-stripe  laser  and  1.2  mA  threshold  with  an  oxide-defined  stripe  laser.  The  minimum  threshold 
current  density  which  we  have  achieved  is  19  A/cm2  (CW,  300  K)  and  6  A/cm2  (pulsed,  4  K)  which  we  believe  is  very 
close  to  transparency.  We  also  analyze  threshold  conditions  for  the  ground  state  QD  VCSEL  and  describe  ground  state 
lasing  from  a  1.07  jim  VCSEL  from  a  high  dot  density,  stacked  active  region. 

2.  EPITAXIAL  CRYSTAL  GROWTH 

Understanding  the  crystal  growth  has  been  essential  in  the  advancement  of  the  QD  active  region,  although  precise 
mechanisms  controlling  the  QD  formation  are  still  not  fully  understood.  Since  Mukai  and  coworkers34  initially 
demonstrated  that  InGaAs/GaAs  QDs  can  achieve  a  high  quality  semiconductor  energy  gap  corresponding  to  a  1.3  |im 
wavelength,  much  progress  has  been  made.  Already  four  groups  have  demonstrated  1.3  |xm  lasing  from  GaAs-based  edge 
emitters l,2, 4— 8,10  an(j  two  groups  have  demonstrated  CW,  300  K  operation4’^  10.  Although  the  growth  techniques 
vary,  the  most  recent  1.3  |lm  laser  demonstrations  employ  QD  growth  on  a  strained  InGaAs  buffer^lO  or  QDs  grown 
inside  a  strained  InGaAs  layer4’^. 

Using  electroluminescence  characteristics  as  a  guide,  our  group  has  optimized  a  growth  technique  for  achieving  high 
quality  1.3  |Xm  QDs  which  involves  cycled  and  separate  submonolayer  deposition  of  In,  Ga  and  As33.  The  growth 
sequence  is  a  0.25  monolayer  (ML)  of  In  followed  by  a  5  sec.  As  flux,  0.25  ML  Ga  followed  by  a  5  sec.  As  flux.  This 
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cycle  is  repeated  20  times  for  a  total  deposition  of  10  ML  of  average  composition  In0.50Ga0.50As  QDs.  The 
electroluminescence  efficiency  is  sensitive  to  the  thickness  of  each  sub-ML  deposition.  We  have  found  that  0.25  ML  of 
In  followed  by  0.25  ML  of  Ga  is  the  optimum  thickness3^.  Figures  2  shows  an  atomic  force  microscope  (AFM) 
photograph  of  a  1  pm  x  1  pm  surface  directly  after  growth  of  0.25  ML/0.25  ML  QDs.  The  dot  density  is  -10*°  /cm2 
and  the  dot  diameter  is  -500  A.  We  approximate  the  dot  height  to  be  -100  A  from  the  AFM  image.  The  In  and  Ga 
growth  in  the  absence  of  As  allows  a  larger  surface  migration  of  the  column  III  atoms  during  QD  formation,  and  favors 
larger  QDs.  Perhaps  the  easy  migration  also  allows  the  QDs  to  form  with  an  optimized  In  grading  within  the  QDs 
themselves  to  minimize  defects  due  to  the  strained  material.  The  300  K  electroluminescence  has  a  center  wavelength  of 
1.32  pm  and  is  significantly  more  efficient  than  the  other  growth  sequences.  For  lasers,  it  is  attractive  to  achieve  the  1.3 
|lm  wavelength  with  a  minimum  amount  of  indium  in  order  to  reduce  strain  and  dislocations.  The  sub-ML  growth 
method  yields  1.3  pm  emission  with  a  total  In  content  of  5  ML. 


Fig.  2:  Atomic  force  microscope  image  of 
epitaxial  surface  just  after  the  formation  of  QDs 
from  ten  total  MLs  of  InGaAs  deposited  using  a 
sub-ML  technique.  A  QD  density  of  1x10*^  cm" 
2  is  measured. 


Fig.  3:  Atomic  force  microscope  image  of 
epitaxial  surface  just  after  the  formation  of 
QDs  from  ten  total  MLs  of  InGaAs 
deposited  using  a  sub-ML  technique.  The 
dots  are  formed  on  a  15  ML 
!no.loGao.90As  buffer  layer.  The  resulting 
QD  density  is  -2x10*0  cm'2. 


The  current  focus  of  many  QD  crystal  growth  studies  is  improving  the  QD  size  uniformity  and  reducing  the  non-radiative 
recombination  that  is  present,  seemingly  due  to  strain  effects.  Both  of  these  characteristics  can  have  a  large  impact  on 
lasing  threshold.  As  we  will  discuss  in  the  following  sections,  the  nonradiative  recombination  rate  increases  for  carriers 
in  higher  energy  levels  and  radiative  efficiency  decreases  for  increasing  current  density.  An  increased  QD  density  can 
increase  radiative  efficiency  by  keeping  a  larger  fraction  of  the  carriers  in  the  ground  state.  Stacking  QD  layers  can  be 
effective  for  the  same  reasons^.  We  have  been  able  to  increase  the  QD  density  by  growing  QDs  on  an  InGaAs  buffer 
layer.  Figure  3  shows  an  AFM  image  of  a  1  pm  x  1  pm  square  crystal  surface  where  the  1.3  pm  InGaAs  QDs  are  grown 
on  a  15  ML  Ino.10Gao.90As  buffer  layer  using  the  sub-ML  technique.  The  resulting  QD  density  is  -2xl010/cm2  which 
is  a  factor  of  two  increase  compared  to  the  QDs  grown  on  a  GaAs  buffer  as  in  Fig.  2.  If  the  QDs  are  grown  on  a  thinner 
buffer  layer  (<15  ML)  of  Ino.loGao.90As,  the  QD  density  remains  -lxlO10  /cm2.  A  thicker  buffer  (>15  ML)  will 
result  in  a  constant  density  of  -2xl010  /cm2.  Because  the  QD  diameter  remains  -500  A,  independent  of  the  QD  density, 
the  additional  QD  material  must  come  from  the  InGaAs  buffer  layer  and  the  wetting  layer.  Although  the  QD  uniformity 
does  not  improve  significantly,  the  increased  QD  density  is  critical  since  the  gain  from  the  1.3  pm  QD  ensemble  is  not 
too  much  greater  than  distributed  loss  rates  for  present  laser  cavities. 

Figure  4  shows  a  cross-sectional  transmission  electron  microscope  (TEM)  photograph36  of  a  QD  ensemble  grown  under 
similar  conditions  to  that  shown  in  Fig.  2,  with  the  exception  that  the  QDs  are  covered  with  100  A  of  GaAs  followed  by 
AlGaAs.  From  the  TEM  photograph,  the  QD  are  -300  A  in  diameter  and  -150  A  in  height.  The  difference  in  QD 
diameters  measured  by  AFM  compared  to  TEM  may  be  due  to  variations  in  growth,  as  the  ground-state 
photoluminescence  wavelength  of  the  TEM  sample  is  1.27  pm,  or  it  may  be  due  to  effects  of  GaAs  overgrowth  on  the 
size  and  shape  of  the  QDs.  We  can  approximate  the  height  of  the  QD  during  overgrowth  using  the  reflection  high  energy 
electron  diffraction  (RHEED)  pattern.  As  the  QDs  form,  the  RHEED  pattern  goes  from  streaky  to  spotty.  Similarly,  as 
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the  QDs  are  covered  and  the  growth  surface  planarizes,  the  RHEED  pattern  changes  from  spotty  to  streaky.  In  high 
quality  1.3  pm  QDs,  this  change  occurs  during  deposition  of  80  A  and  120  A  of  overgrowth  material. 


Fig.  4:  Cross-section  transmission  electron  microscope  image  showing  a  10  ML  total  deposition  of 
0.25  ML/0.25  ML  sub-ML  QDs  surrounded  by  GaAs. 

3.  TEMPERATURE  CHARACTERISTICS  OF  SPONTANEOUS 
ELECTROLUMINESCENCE 


We  have  studied  spontaneous  emission  characteristics  as  a  function  of  temperature  to  determine  mechanisms  controlling 
the  threshold  temperature  dependence  for  edge-emitting  QD  lasers.  We  find  that  nonradiative  recombination  is  the 
dominant  limitation.  The  electroluminescence  data  shown  in  Figs.  5,6  and  7  are  measured  from  short  edge-emitters  in 
which  lasing  is  inhibited  by  end  loss.  A  single  QD  layer  active  region  is  grown  using  the  0.25  ML/0.25  ML  technique 
described  in  Section  2  with  a  total  of  10  MLs  deposited.  The  QDs  are  surrounded  by  a  200  A  GaAs  barrier  on  either  side 
and  centered  in  a  thick  Alo.20Gao.80A8  layer. 


Wavelength  (pm) 

Fig.  5:  Spontaneous  emission  spectrum 

measured  from  1.1  mm  long  device  at  300K  for 
several  different  current  densities. 
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Fig.  6:  Spontaneous  emission  spectrum 
measured  from  1.1  mm  long  device  at  80  K 
at  several  different  current  densities. 


Figure  5  shows  the  QD  spontaneous  emission  spectra  at  300  K  for  several  current  densities.  At  the  lowest  current 
density  of  5  A/cm2  (spectra  not  shown),  only  the  ground  state  is  excited  at  the  1.31  pm  wavelength  with  a  FWHM  of  40 
meV.  With  increasing  current  density  (10  A/cm2,  50  A/cm2  and  500  A/cm2),  emission  from  three  energy  levels  is 
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apparent.  These  transitions  correspond  to  the  1.31  |im  wavelength  for  the  ground  state,  1.23  |im  for  the  first  excited 
state  and  1.16  |im  for  the  second  excited  state.  At  80  K  these  transitions  correspond  to  1.22  |im,  1.14  (im  and  1.09  pm 
wavelength  as  shown  in  Fig.  6).  At  both  80  K  and  300  K,  the  higher  energy  levels  begin  to  fill  before  the  ground  state 
is  saturated. 

The  electroluminescence  output  power  for  the  1.1  mm  cavity  is  measured  versus  current  and  converted  to  efficiency 
versus  current  density  at  several  temperatures.  The  results  are  shown  in  Fig.  7.  At  80  K,  the  peak  efficiency  is  0.5  %  at 
5  A/cm^  which  corresponds  to  ground  state  emission.  We  believe  based  on  collection  efficiency  that  the  internal 
quantum  efficiency  is  well  over  50  %.  With  increased  current  density  and  subsequent  increased  level  filling  (Fig.  6)  the 
efficiency  drops  to  0.20  %  at  100  A/crn^.  This  trend  indicates  that  an  increased  nonradiative  recombination  rate  exists  for 
carriers  in  higher  energy  levels  even  at  low  temperatures.  At  160  K,  the  peak  efficiency  drops  to  0.34  %  at  5  A/cm^  and 
again  decreases  smoothly  with  increasing  current  density.  At  250  K  and  300  K,  the  peak  efficiencies  are  0.1 1  %  and  0.04 
%  at  current  densities  of  10  A/cm^  and  40  A/cm^,  respectively.  The  drop  in  peak  efficiency  at  low  current  density  as  the 
temperature  is  increased  indicates  that  temperature  dependent  nonradiative  recombination  centers  are  present  in  the  QDs. 
Furthermore,  we  see  that  the  radiative  efficiencies  vary  among  samples  which  are  grown  under  similar  conditions.  Room 
temperature  electroluminescence  efficiencies  as  high  as  0.20  %  have  been  measured^.  Therefore,  we  attribute  the 
nonradiative  recombination  to  point  defects  on  the  QD  surface  or  within  the  QD  bulk  that  can  be  eliminated  by  optimized 
crystal  growth. 
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Fig.  7:  Spontaneous  emission  efficiency  of  a  1.1  mm  long  device  measured  at  several  temperatures  as 
a  function  of  current  density.  Two  trends  are  observed.  The  ground  state  efficiency  decreases  with 
increasing  temperature  and  the  efficiency  at  each  temperature  decreases  with  increasing  current  density. 

From  this  data  we  see  two  important  aspects  of  the  nonradiative  recombination.  First,  at  all  temperatures,  as  the 
excitation  level  increases,  so  does  the  nonradiative  recombination.  This  can  be  explained  by  the  existence  of  selection 
rules  which  govern  radiative  transitions  between  different  electron-hole  levels,  but  that  do  not  exist  for  nonradiative 
recombination^.  As  more  electrons  and  holes  are  added  to  each  QD,  the  possible  nonradiative  recombination  paths 
between  an  electron  and  multiple  holes  increase.  In  contrast,  for  radiative  transition,  each  electron  level  is  coupled  to 
only  one  hole  level.  Second,  the  nonradiative  transition  rate  is  sensitive  to  temperature  and  increases  for  increasing 
temperature.  Both  effects  influence  lasing  threshold.  Therefore,  it  is  important  to  operate  the  QD  lasers  at  the  lowest 
possible  threshold  current  and  current  density  in  order  to  reduce  these  nonradiative  effects. 

4.  LOW  THRESHOLD  1.3  \im  EDGE-EMITTING  LASERS 

We  have  studied  both  etched-stripe  and  oxide-confined  edge  emitters  with  very  similar  epitaxial  design.  The  oxide- 
confined  aperture  allows  a  smaller  device  width  to  be  realized  without  incurring  significant  lateral  waveguide  loss.  A 
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schematic  of  the  oxide-confined  laser  structure  is  shown  in  Fig.  8.  The  inset  shows  the  QD  active  region  centered  in  the 
waveguide  along  with  material  compositions  and  layer  thicknesses  within  the  waveguide.  The  laser  heterostructure  is 
grown  on  an  n-type  GaAs  substrate  using  molecular  beam  epitaxy^.  The  temperature  of  the  growth  is  610  °C,  except 
for  the  QD  region.  The  undoped  waveguide  consists  of  Alo.05Gao.95As  and  is  0.194  |im  thick.  A  300  A 
Alo.98Gao.02 As  layer  is  grown  0.35  pm  both  above  and  below  the  active  region.  Short  period  superlattices  (200  A 
thick)  composed  of  alternating  layers  of  Alo. 85 Gao.  15 As  an(*  GaAs  to  gradually  change  aluminum  composition  from 
85%  to  5%  are  grown  at  the  interfaces  between  the  waveguide  and  cladding  layers  to  smooth  the  heterointerfaces.  The  Si 
and  Be  doping  is  decreased  to  -10^  cm“^  within  0.5  pm  of  the  Alo.85Gao.i5As  layers  surrounding  the  waveguide,  and 
at  ~2T017cmf3  in  the  remaining  Alo.85Gao.i5As.  A  p+  GaAs  contact  layer  caps  the  structure. 


Fig.  8:  Schematic  cross-section  of  oxide-confined  stripe  laser.  Inset  shows  material  compositions  in 
the  waveguide  region. 

The  single  layer  QD  active  region  is  grown  at  510  °C.  A  150  A  GaAs  barrier  is  grown  before  the  QD  active  region  at 
610  °C  then  die  temperature  is  reduced  to  510  °C.  A  15  ML  buffer  layer  of  Ino.09Gao.9i  As  is  grown  followed  by  the 
QD  deposition  using  the  cycled  sub-ML  epitaxy  sequence  described  above.  The  12  ML  deposition  has  an  average 
composition  of  In0.50Ga0.50As  and  the  QDs  are  covered  with  150  A  of  GaAs.  Atomic  force  microscope  images  of  the 
crystal  surface  with  the  growth  halted  just  after  the  12  ML  deposition  shows  a  QD  density  of  nQD  ~2  xlO1^  cm"^  with 
lateral  sizes  of  -500  A  similar  to  that  shown  in  Fig.  3.  The  QD  ground  states  radiate  with  an  ensemble  FWHM  energy 
spread  of  fiAco  *  30  meV. 

The  oxide-confined  stripe  lasers  are  fabricated  by  wet  etching  ridge  waveguides  through  the  upper  cladding  layer,  active 
region  and  partially  into  the  lower  cladding  layer  to  expose  both  Alo.98Gao.02 As  layers.  The  Alo.98Gao.02 As  layers 
are  converted  to  oxide^7  in  a  steam  environment  at  470  °C  for  -4  min.  forming  stripe  apertures  ranging  from  5  pm  to  20 
pm.  Cavity  lengths  that  range  from  420  Jim  to  1 130  |im  are  formed  by  cleaving  which  is  followed  by  depositing  5  or  6 
pairs  of  MgF/ZnSe  high  reflectivity  (HR)  coatings  on  the  end  facets.  The  reflectivity  of  this  mirror  stack  is  >0.99.  The 
etched-stripe  lasers  are  fabricated  by  wet  etching  shallow  ridge  waveguides  through  most  of  the  upper  cladding  layer.  The 
stripe  widths  range  from  4  |lm  to  59  (im  wide.  Cavity  lengths  that  range  from  -1  mm  to  -5  mm  are  formed  by 
cleaving,  and  HR  coatings  consisting  of  4  pairs  of  MgF/ZnSe  are  deposited  on  some  of  the  lasers.  The  reflectivity  of 
this  mirror  stack  is  >0.95.  The  stripe  lasers  are  mounted  p-up  on  copper  blocks. 

Figure  9  shows  lasing  characteristics  for  a  5  |im  x  870  (im  oxide-confined  laser  and  a  9  pm  x  1020  pm  etched-stripe  laser 
under  CW,  300  K  operating  conditions.  The  etched-stripe  laser  has  4  pairs  of  HR  coatings  on  both  facets  (4  pairs/4 
pairs),  the  oxide-confined  has  5  pairs  on  one  side  and  6  pairs  on  the  other  side  (5  pairs/6  pairs).  The  threshold  current  is 
4.1  mA  (45  A/cm^)  for  the  etched-stripe  laser  with  a  threshold  voltage  of  -5.5  V  and  a  very  low  1.2  mA  (27  A/cm^)  for 
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the  oxide-confined  laser  with  a  threshold  voltage  of  ~5.0  V.  To  the  best  of  our  knowledge,  this  is  the  lowest  threshold 
current  yet  reported  for  a  QD  laser.  The  dissipated  power  at  threshold  is  ~6  mW  for  the  oxide-confined  laser  and  ~23  mW 
for  the  etched-stripe  laser.  In  previous  studies^,  we  have  shown  that  300  K  operation  is  limited  by  heating  which 
results  in  increased  upper  level  occupation  and  nonradiative  recombination. 
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Fig.  9:  Light  versus  current  for  both  an  oxide-confined  laser  (5  pm  x  870  pm,  5  pairs/6  pairs)  and  an 
etched-stripe  laser  (9  pm  x  1020  pm,  4  pairs/4  pairs)  under  CW,  300  K  operation.  Lasing  threshold 
for  the  oxide-confined  laser  is  1.2  mA  and  4.1  mA  for  the  etched-stripe  laser.  The  inset  shows  the 
lasing  spectra  for  the  oxide-confined  laser  just  above  threshold  peaked  at  1.33  pm. 

Increased  heat  dissipation  seems  to  trigger  a  cyclic  "runaway"  process  which  causes  increased  upper  energy  level 
population  and  nonradiative  recombination  which  then  lead  to  a  higher  threshold  current.  In  this  study,  we  have  reduced 
the  size  of  the  active  region  by  a  factor  of  2.1  which  results  in  a  lasing  threshold  current  reduced  by  3.4  as  well  as  a 
threshold  current  density  reduced  by  a  factor  of  1.7.  The  scaling  of  threshold  current  density  to  device  size  is  due  to 
reduced  heating  and  nonradiative  recombination  in  the  smaller  oxide-confined  device.  The  external  quantum  efficiency  just 
above  threshold  is  only  ~2  %  for  both  devices  and  decreases  with  increasing  current.  The  decrease  of  the  slope  efficiency 
suggests  that  the  device  performance  is  still  affected  by  the  heating. 
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Fig.  10:  Threshold  current  plotted  as  a 
function  of  stripe  for  the  etched-stripe 
(pulsed,  Lc  =  3380  |lm)  and  the  oxide- 
confined  laser  (CW,  Lc  =  1 130  pm). 


Fig.  11:  Threshold  current  density  plotted 
as  a  function  of  stripe  width  for  the  etched- 
stripe  (pulsed,  Lc  =  3380  pm)  and  the 
oxide-confined  laser  (CW,  Lc  =  1 130  pm). 
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The  lasing  wavelengths  are  X-1.32  pm  (not  shown)  for  the  etched-stripe  laser  and  A,- 1.33  pm  for  the  oxide-confined 
laser  which  is  shown  in  the  inset  spectrum.  The  maximum  output  power  is  290  pW  at  24  mA  for  the  oxide-confined 
laser  and  -160  pW  at  30  mA  for  the  etched-stripe  laser. 

Figure  10  and  1 1  compare  the  300  K  threshold  current  and  threshold  current  density  as  a  function  of  stripe  width  for  an 
etched-stripe  laser  (Lc  =  3380  |im,  4  pairs/4  pairs,  pulsed)  shown  by  circles  and  the  oxide-confined  laser  (Lc  =  1130  pm, 
5  pairs/5  pairs,  CW)  shown  by  squares.  In  Fig.  10,  the  minimum  threshold  current  for  the  oxide-confined  laser  is  1.3 
mA  for  a  5  pm  wide  aperture  and  threshold  increases  to  3.8  mA  for  a  17  pm  wide  device.  The  minimum  threshold  for 
the  etched-stripe  is  -14  mA  for  a  9  pm  wide  laser  and  increases  to  89  mA  for  a  59  pm  wide  device.  A  combination  of 
end  loss  and  heating  is  responsible  for  the  factor  of  seven  difference  in  lasing  threshold  current  between  the  14  pm  oxide- 
confined  laser  (3.2  mA)  and  the  14  pm  etch-stripe  laser  (21 .2  mA). 

A  comparison  of  threshold  current  density  is  shown  in  Fig.  11.  The  minimum  threshold  current  density  is  19  A/cm2 
(CW,  300  K)  measured  for  an  1 1  pm  wide  oxide-confined  laser.  To  our  knowledge,  this  is  the  lowest  300  K  threshold 
current  density  yet  reported  for  a  QD  laser.  For  the  etched-stripe  laser,  measured  under  pulsed  condition,  the  threshold 
current  density  has  a  minimum  of  25  A/cm2  for  the  14  pm  wide  stripe  laser.  For  both  types  of  lasers,  the  threshold 
current  density  increases  with  increasing  stripe  width,  again  indicating  that  the  threshold  is  sensitive  to  heating  even  for 
pulsed  operation.  It  is  likely  that  the  oxide-confined  lasers  are  more  sensitive  to  end  loss  than  heating  since  shorter  laser 
stripes  (Lc=870  pm,  not  shown)  have  consistently  higher  threshold  current  density  and  shorter  devices  yet  (Lc=420  pm, 
not  shown)  do  not  lase  on  the  ground  state.  Waveguide  scattering  loss  significantly  increases  the  threshold  current 
density  for  etched-stripes  smaller  than  14  pm  and  to  a  lesser  degree  for  the  oxide-confined  lasers  smaller  than  1 1  pm. 
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Fig.  12:  Threshold  current  density  versus  temperature  under  pulsed  operation.  A  minimum  threshold 
current  density  of  6  A/cm2  is  measured  at  4  K. 

Figure  12  shows  threshold  current  density  dependence  on  temperature  for  two  different  etched-stripe  devices  with  stripe 
widths  of  either  59  or  29  pm  and  cavity  lengths  of  5.04  mm  (uncoated  facets).  A  remarkably  low  threshold  current 
density  of  6  A/cm2  is  obtained  at  4  K  for  the  29  pm  wide  stripe  laser.  In  general,  the  threshold  current  density  increases 
for  increasing  temperatures.  However,  at  -150  K  the  threshold  increases  less  steeply.  This  is  the  temperature  for  which 
thermal  QD  coupling  through  the  wetting  layer  occurs2** 8  Above  -250  K  the  threshold  increases  more  steeply  due  to 
increasing  nonradiative  recombination  that  accompanies  significant  population  of  the  QD  upper  energy  levels  and  wetting 
layer. 

The  remarkably  low  threshold  current  density  of  6  A/cm2  at  4  K  for  the  5.04  mm  cavity  length  shows  that  the 
transparency  current  of  this  single  layer  QD  ensemble  is  small.  For  4  K  and  low  excitation  we  assume  that  nonradiative 
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recombination  is  negligible  and  arrive  at  a  gain  estimate  for  the  QD  ensemble.  For  the  QD  density  of  2x10*0  /Cm2,  a 
degeneracy  of  two  for  the  ground  state  levels,  and  a  recombination  time  that  we  estimate  to  be  -640  ps,  the  transparency 
current  is  Jtrans  =  qnQD  /  Xrec  ~  5  A/cm2,  with  the  maximum  ground  state  gain  obtained  for  a  current  density  twice  that 

at  10  A/cm2  (in  the  absence  of  gain  clamping  due  to  stimulated  emission.)  The  reduced  density  of  states  at  the  ground 

state  peak  energy  is  given  by  pred{(0  )  =  4  —  ^  =  8.3x10^ - ^^7 - T  7-  The  inversion  factor, 

1  I  Aw  cm  (rad /sec) 

(fe  fh  ) » f°r  laser  operation  can  then  be  found  from  the  threshold  condition  given  by 


—  =  ve[a  + — ln(— )]  = 

Q  g  L  VJ 
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where  n  is  the  refractive  index  (approximated  to  be  =3.4),  c  is  the  speed  of  light  in  open  space,  vg  is  the  optical  group 

velocity  (approximated  to  be  =6.7xl07  m/sec),  L  is  the  cavity  length,  R  is  mirror  reflectivity  product  (=^R]R2 ),  Xc 
is  the  free  space  wavelength  of  the  cavity  resonance,  a  is  the  waveguide  loss,  and  F/A z  is  the  waveguide  confinement 
factor  normalized  by  the  active  region  thickness.  For  our  waveguide  we  calculate  F/Az  =  3.57x10^  m*1.  The 
maximum  modal  gain  from  the  QD  ensemble  ground  state  is  then  estimated  from  Eq.  (1)  to  be  -23  cm*1.  The  threshold 

gain  of  6  A/cm2  would  correspond  to  a  modal  gain  of  -5  cm*1,  so  that  the  end  loss  of  —  ln(— )  «  2.5  cm*1  would 

L  R 

require  that  OC  ~  2.5  cm*1  as  well.  With  HR  coatings  of  >0.95  reflectivity,  the  end  loss  is  readily  made  negligible  as 
compared  to  the  internal  waveguide  loss.  Along  with  heating,  this  leads  to  the  low  external  differential  slope  efficiency 
shown  in  Fig.  9. 


5.  QUANTUM  DOT  VCSELS 


In  this  section  we  discuss  ground  state  lasing  in  a  QD  VCSEL  operating  at  1.07  |im  and  analyze  the  QD  gain  parameters. 
The  VCSEL  structure  has  been  designed  for  very  low  optical  losses  therefore  the  lower  33  of  35  pairs  of  AlAs/GaAs 
DBRs  are  undoped.  The  first  two  pairs  under  the  undoped  Alo.i3Gao.87As  full- wave  cavity  are  n-doped.  An  intercavity 
n-contact  is  used.  The  single  upper  p-DBR  is  lightly  doped.  Heavily  doped  AlGaAs/GaAs  contact  layers  are  grown  on 
top  of  the  p-type  quarter-wave  layers  but  are  selectively  etched  from  the  VCSEL  cavity  region.  The  QDs  are  formed  from 
five  MLs  of  alternating  InAs  and  GaAs.  Each  of  the  InGaAs  QD  layers  are  separated  by  150  A  of  GaAs  with  300  A  of 
GaAs  on  either  side  of  the  3-stack  active  region.  A  schematic  is  shown  in  Fig.  13^9, 

Selective  etching  is  used  to  form  a  trench  stopping  at  the  n-type  GaAs  layer  of  the  first  AlAs/GaAs  bottom  DBR  pair. 
The  n-type  contact  metallization  is  formed  by  evaporation/liftoff  and  alloying.  Selective  oxidation^7  is  used  to  form 
aperture  sizes  ranging  from  10  Jim  to  2  pm  in  diameter.  After  oxidation,  the  top  contact  layers  are  selectively  etched 
from  the  optical  cavity  and  p-contacts  are  deposited.  The  top  DBRs  (not  shown  in  Fig.  13)  are  six  pairs  of  MgF/ZnSe. 
Broad  area  edge  emitters  are  also  fabricated  with  60  Jim  stripes  to  study  the  QD  spontaneous  emission  while  minimizing 
the  filtering  effect  of  the  VCSEL  cavity.  Figure  14  shows  electroluminescence  from  the  wafer  edge  at  a  current  density 
of  5  A/cm2.  The  ground  state  emission  is  centered  at  1.07  pm  with  an  inhomogeneously  broadened  linewidth  of  76 
meV.  Two  VCSEL  resonances,  one  at  1.027  Jim  and  one  at  1.041  Jim  are  also  apparent. 

Figure  15  shows  CW,  room  temperature  lasing  characteristics  from  a  2  Jim  x  2  Jim  square  aperture.  The  lasing 
wavelength  is  1.07  |im  and  by  comparison  with  Fig.  14  is  from  the  ground  state  transition  of  the  QD  ensemble. 
Threshold  current  is  268  |iA  and  threshold  voltage  is  2.6  V.  An  uncalibrated  Ge  detector  is  used  to  measure  the  output 
intensity.  The  high  threshold  current  density  (6.7  kA/cm2)  is  a  factor  of  five  greater  than  we  would  expect  for  a  QW 
VCSEL  of  the  same  size'1®  The  high  threshold  current  density  is  in  part  due  to  optical  losses  associated  with  the  small 
aperture,  but  we  also  attribute  it  to  a  high  nonradiative  recombination  loss  rate  described  in  Sections  3  and  4.  A  10  |im 
device  (LI  not  shown)  has  a  threshold  of  703  jlA  (895  A/cm2)  under  CW,  300  K  conditions. 
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Fig.  13:  Schematic  cross  section  of  the  QD  oxide-confined  VCSEL  device  with  intracavity  contact. 

A  3-stack  QD  active  region  is  centered  in  a  full-wave  cavity. 

We  have  also  analyzed  the  threshold  condition  for  this  QD  VCSELs  from  the  requirement  of  the  round  trip  gain  balancing 
the  mirror  loss  as7’38 
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where  c/n  is  the  speed  of  light  in  the  cavity,  (D0  is  the  cavity  resonant  frequency,  Tsp  is  the  spontaneous  lifetime  of  the 
QD  exciton,  Rj  is  the  upper  mirror  reflectivity  and  Rg  is  the  bottom  mirror  reflectivity.  For  the  QD  layers  studied  here 
c/n=9xl07  m/s,  nQj)~5xl010  /cm2,  (0o=1.75xl015  rad/s  and  A fiCO-  76  meV  and  xsp  is  measured  under  nonresonant 
excitation  at  low  temperature  to  be  -  800  ps.  For  these  conditions,  we  find  that  a  three  stack  active  region  requires 
>0.9983  in  order  to  satisfy  threshold  conditions.  It  is  important  to  note  that  the  actual  size  of  xsp  is 
unknown.  Our  value  of  xsp~800  ps  is  consistent  with  other  nonresonant  pumping  measurements  in  which  a  lifetime  of 
880  ps  was  reported  for  Ino.50Gao.50As/GaAs  QDs^1 .  However,  a  spontaneous  lifetime  of  -380  ps  was  measured  under 
resonant  pumping  conditions  for  InP/Ino.48Gao.52As  QDs42.  In  this  work  it  was  emphasized  that  resonant  pumping 
more  accurately  measures  the  Einstein  coefficient  for  spontaneous  emission.  For  a  xsp-400  ps,  the  reflectivity 

requirements  are  reduced  to  a  more  realistic  ^ JRtRb  >0.9966.  An  important  effect  for  1.3  Jim  QD  VCSELs  is  that  the 
QD  spontaneous  lifetime  is  predicted  by  superradiance  theory  to  decrease  as  the  dot  size  increases^2”^.  We  have  recently 
measured  the  spontaneous  lifetime  of  1.3  pm  QDs  under  nonresonant  pumping  conditions  at  4  K  to  be  x§p<400  ps^. 


To  estimate  the  actual  reflectivity  of  the  our  VCSEL  cavity,  we  have  measured  the  spontaneous  linewidth  at  very  low 
current  density.  The  lowest  order  transverse  modes  consist  of  two  closely  spaced  orthogonal  polarizations  separated  by 
-2.2  A,  but  the  longer  wavelength  polarization  is  more  intense  for  each  aperture  size.  We  estimate  the  linewidth  of  the 
single  lowest  order  mode  between  30  A/cm2  and  60  A/cm2  to  be  -1.9  A  for  the  10  pm,  which  gives  a  Q  of  -5600. 
Since  we  believe  that  the  Q  is  limited  by  the  upper  MgF/ZnSe  DBRs,  we  have  calculated  linewidths  for  several 
reflectivities  based  on  this  assumption.  Previously,  we  have  calculated  the  bottom  DBRs  to  have  a  reflectivity  of  Rb  = 

0  999740  Holding  this  value  constant,  we  calculate  linewidths  of  1.1,  1.8  and  2.4  A  for  values  of  distributed  losses  in 
the  upper  MgF/ZnSe  DBRs  of  100,  200  and  300  cm"*,  respectively.  These  losses  correspond  to  reflectivities  of 
Rj=0.9959,  0.9931  and  0.9903,  respectively. 
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Fig.  14:  Spontaneous  electrolumin-escence 
spectrum  from  a  QD  edge  emitter  at  a  low  current 
density  of  5  A/cm^  showing  ground  state 
emission  wavelength  of  1.07  pm. 


Fig.  15  Light  versus  current  curves  for  a  2 
pm  x  2  pm  square  device  at  room-temperature, 
continuous-wave  operation.  The  inset  shows 
lasing  spectrum  at  300  pA . 


The  distributed  loss  of  200  cm"^,  although  it  seems  rather  high,  agrees  not  only  with  the  measured  linewidth  but  also  the 
differential  efficiency  measured  on  quantum  well  VCSELs  of  the  similar  design^.  The  estimated  reflectivity  product  is 
then  ^RtRb  ~  0.9964  which  requires  from  equation  (2)  that  the  xSp~350  ps  in  order  to  achieve  lasing.  This  value  is 
considerably  shorter  than  our  nonresonant  pumping  measurements  indicate,  but  in  the  range  indicated  by  resonant 
pumping  measurements^,  if  this  is  correct,  than  the  stimulated  emission  rate  of  the  three  stack  active  region  is  a  factor 
of  two  greater  than  that  inferred  from  the  nonresonantly  pumped  spontaneous  lifetime. 

6.  SUMMARY 


Quantum  dot  material  quality  continues  to  improve  and  QD  lasing  threshold  continues  to  decrease  At  the  same 
time,  the  lasing  wavelength  is  increasing  and  now  lasers  have  been  demonstrated  by  several  groups  at  the  technologically 
important  1.3  pm  wavelength.  In  this  paper,  we  have  described  materials  studies  for  optimizing  the  sub-ML  deposition 
technique  for  growth  of  QDs  to  achieve  good  electroluminescence  efficiency  at  1.3  pm.  Temperature  dependence  of 
electroluminescence  shows  that  nonradiative  recombination  increases  with  temperature,  is  present  in  the  ground  state 
transition  and  increases  for  higher  energy  states.  Growing  this  active  region  on  an  InGaAs  buffer  allows  an  increased  QD 
density  and  the  demonstration  of  a  low  threshold  CW  room  temperature  operation  of  4.1  mA.  Temperature  characteristics 
of  these  lasers  indicate  that  nonradiative  recombination  effects  due  to  heating  strongly  affect  threshold  with  increasing 
temperature.  However,  at  4  K,  where  nonradiative  recombination  is  not  a  factor,  we  measure  a  very  low  threshold  current 
density  of  6  A/cm^.  To  reduce  the  heating  effects  at  room  temperature,  we  have  introduced  an  oxide  current  aperture  into 
the  waveguide  region  to  reduce  the  device  width.  This  allows  a  1.2  mA  (CW,  300  K)  threshold  from  a  5  pm  stripe  and  a 
19  A/cm^  current  density  from  an  1 1  pm  stripe. 

Also  of  technological  importance  is  the  extended  wavelength  (1.0  pm-  1.3  pm)  GaAs-based  VCSEL.  The  QDs 
are  an  attractive  way  to  achieve  this  with  the  primary  challenge  being  a  small  QD  ground-state  gain  compared  with  the 
present  VCSEL  cavity  loss.  We  have  demonstrated  low  threshold  (268  A/cm^)  ground  state  lasing  at  1.07  pm 
wavelength  using  a  3-stack  active  region  in  a  low  loss  cavity.  The  wavelength  just  beyond  1.0  pm  may  be  useful  for 
VCSEL  integration  with  Si  integrated  circuits  due  to  the  Si  transparency.  Analysis  of  the  threshold  conditions  for  the 
QD  VCSEL  suggests  a  spontaneous  lifetime  which  is  shorter  than  that  measured  under  nonresonantly  pumped  conditions 
and  further  implies  that  superradiance  may  be  important  in  QD  lasers  as  predicted  by  theory. 
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ABSTRACT 

GaAs/AlGaAs  quantum  dot  arrays  with  different  dot  sizes  made  by  different  fabrication  processes 
were  studied  in  this  work.  In  comparison  with  the  reference  quantum  well,  photoluminescence  (PL) 
spectra  from  the  samples  at  low  temperature  have  demonstrated  that  PL  peak  positions  shift  to  higher 
energy  side  due  to  quantization  confinement  effects  and  the  blue-shift  increases  with  decreasing  dot 
size,  PL  linewidths  are  broadened  and  intensities  are  much  reduced.  It  is  also  found  that  wet  chemical 
etching  after  reactive  ion  etching  can  improve  optical  properties  of  the  quantum  dot  arrays. 

Keywords:  GaAs/AlGaAs,  Quantum  dot  array.  Etching  method.  Photoluminescence 

1.  INTRODUCTION 

Low  dimensional  structures,  such  as  quantum  well  (QW),  quantum  wire  (QWR)  and  quantum  dot  (QD) 
were  attracted  much  attention  in  recent  years1.  Both  fabrications  of  low  dimensional  quantum  structure 
systems  and  their  fundamental  optoelectronic  properties  become  active  frontier  subjects. 

There  are  various  methods  for  fabrication  of  QD  arrays,  for  example,  conventional  self-organization 
epitaxial  growth  and  chemical  crystallization.  In  addition,  QD  arrays  were  made  by  combing  epitaxial 
growth  with  microfabrication  techniques  together2’ 3.  They  were  formed  on  MBE-grown  QW  wafers  by 
means  of  micro-fabrication  techniques,  such  as  electron  beam  lithography  (EBL),  reactive  ion  etching 
(RIE)  and  wet  chemical  etching.  For  the  QD  arrays  made  by  this  way,  the  dot  sizes  are  more  homogenous, 
patterns  can  be  well  reproducible.  During  the  processes  of  the  reactive  ion  etching,  however,  high-energy 
ion  gave  rise  to  surface  damage  at  the  outsides  of  the  dots.  If  wet  chemical  etching  is  applied  after  reactive 
ion  etching,  the  surface  damage  will  be  decreased  and  the  qualities  of  the  QD  arrays  can  be  improved 
greatly. 

2.  PREPARATION  OF  THE  QUANTUM  DOT  ARRAYS 
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Two  types  of  GaAs/AlGaAs  quantum  well  structure  wafers,  samples  No.702  and  No.706,  were  grown  by 
MBE.  As  shown  in  figure  1,  their  structures  are  very  similar.  The  structure  of  Sample  No.702  is  as 
following: 

The  substrate  is  a  Si  doped  n+-GaAs,  the  impurity  density  is  2xl018  cm'3  .  After  growth  of  1  (im  GaAs 
buffer  layer,  the  successively  following  layers  were  grown:  1)  400  nm  AlGaAs  layer,  2)  6  nm  GaAs 
quantum  well,  3)  2  nm  AlGaAs  layer,  4)  2nd  6  nm  GaAs  quantum  well,  5)  150  nm  AlGaAs  layer,  6)  100 
nm  GaAs  top  cover  layer.  All  the  epitaxial  layers  are  undoped  and  A1  composition  in  AlGaAs  layers  is  0.3, 
The  structure  of  the  sample  No.  702  was  shown  in  Fig.  1(a). 
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Fig  1.  Structures  of  MBE-grown  QWs 

The  QW  structures  were  characterized  by  PL  spectra  at  low  temperature  and  other  measurements  in  order 
to  identify  whether  the  quality  is  good  enough  or  not,  then  the  wafers  with  good  quality  were  used  for  the 
next  micro-fabrication  processes.  The  cylindrical  quantum  dot  arrays  based  on  the  original  quantum  well 
structures  were  fabricated  by  using  electron  beam  lithography  in  combination  with  reactive  ion  etching, 
wet  chemical  etching  and  so  on.  The  fabrication  of  the  QD  arrays  is  expressed  by  following  processes: 

1)  resist  on  the  wafer  surface,  2)  electron  beam  lithography  (EBL),  3)  development,  4)  evaporation  of 
NiCr  alloy  and  metalization,  5)  lift-off,  6)  reactive  ion  etching  (RIE)  in  electron  cyclotron  resonance  (ECR) 
system  (called  dry  etching),  7)  wet  chemical  etching. 

In  our  experiment,  the  two  arrays  with  different  dot  sizes  based  on  the  sample  No.702  were  successfully 


fabricated.  The  diameters  of  the  quantum  dots  were  measured  by  high-resolution  scanning  electron 
microscope  (SEM)  and  were  found  to  be  100  nm  and  50  nm,  respectively.  The  vertical  etched  highness  of 
the  cylindrical  quantum  dots  is  about  280  nm. 

Another  sample  No.706  was  also  investigated  in  order  to  identify  what  role  the  wet  chemical  etching  did 
play  in  fabrication  processes.  The  sample  structures  and  the  qualities  are  similar  to  No.702.  The  sample 
No.706  with  the  double  GaAs  QWs  was  grown  by  MBE,  as  shown  in  Fig.  1(b).  Thickness  of  the  two  well 
is  4.2  nm  and  19.5  nm,  respectively.  The  middle  layer  between  the  two  QWs  and  their  outsides  are 
AlGaAs  barrier  layers.  The  three  kinds  of  QD  arrays  on  the  sample  No.706  wafer  were  fabricated  by  the 
processes  mentioned  above,  but,  without  the  wet  chemical  etching.  The  diameters  of  the  three  QD  arrays 
formed  after  reactive  ion  etching  are  130  nm,  75  nm  and  46  nm,  respectively. 

In  the  paper,  the  qualities  of  the  samples  No.702  and  No.706  as  well  as  structures  are  almost  similar,  but 
their  fabrication  processes  are  different:  after  reactive  ion  etching,  wet  chemical  etching  was  applied  for 
sample  No.702  (dry-wet  etching)  and  was  not  used  for  No.706  (dry  etching).  The  effect  of  wet  chemical 
etching  on  optical  properties  of  the  QD  arrays  was  identified  from  the  PL  spectra  measured  at  low 
temperature. 

It  must  be  pointed  out  that  the  QD  arrays  can  be  fabricated  directly  by  wet  chemical  etching  after  lift-off, 
without  used  reactive  ion  etching.  However,  it  is  difficult  to  form  QDs  because  of  isotropy  of  the  chemical 
etching  solution.  Thus  it  is  important  to  seek  an  ideal  anisotropy  solution. 

3.  RESULTS  AND  DISCUSSION 

PL  spectra  of  the  sample  No.702  and  No.706,  including  the  QD  arrays  and  the  two  relative  QWs,  were 
investigated.  The  samples  were  placed  in  a  Cryostat  and  the  measurements  were  made  at  low  temperatures. 
A  light  beam  from  Argon  ion  laser  was  used  as  an  excitation  light  source.  PL  signals  were  analyzed  by  a 
bi-monochromator  and  detected  by  a  photomultiplier  with  a  cooled  GaAs  detector. 

The  PL  spectra  of  the  QD  arrays  with  different  sizes  were  measured  as  shown  in  Fig.  2.  At  the  same  time, 
PL  spectra  of  MBE-grown  QW  wafer  as  the  reference  spectrum  were  also  shown.  The  arrows  represent  the 
energy  positions  of  the  PL  peak  in  the  figure.  Comparing  PL  spectra  of  the  quantum  dot  arrays  with  these 
of  the  reference  QW,  the  following  results  were  obtained: 

It  is  found  from  Fig.  2(a)  that  there  is  a  very  strong  PL  peak,  its  energy  position  is  at  1.6050  eV,  the  full 
width  at  half  maximum  (FWHM)  is  5  meV  for  the  QW  of  the  sample  No.702.  The  PL  spectra  of  the  two 
quantum  dot  arrays,  QD-100  nm  and  QD-50  nm,  show  two  distinct  emission  peaks  which  are  1.6075  eV 
and  1.6105  eV  at  5  K,  respectively.  Corresponding  to  the  reference  QW,  the  peak  positions  of  the  QD 
arrays  shift  towards  higher  energy,  the  blue-shift  account  is  2.5  meV  and  5.5  meV,  respectively.  This  is 
primarily  due  to  quantum  size  effects:  electrons  and  holes  in  a  quantum  dot  are  confined  in  three  directions, 
the  spatial  confinements  lead  to  heighten  carrier  subbands,  thus  it  was  observed  experimentally  that  the 
emission  from  the  QD  arrays  shifted  to  higher  energy  side.  The  smaller  the  diameter  of  quantum  dots,  the 
stronger  the  confinement  effect  and  the  larger  the  blue  shift4. 

The  PL  linewidths  of  the  two  quantum  dot  arrays,  QD-100  nm  and  QD-50  nm,  are  broadened,  FWHMs  are 
11  meV  and  7  meV  at  5  K,  respectively.  This  is  mainly  caused  by  the  inhomogeneity  of  the  QD 


dimensions,  there  are  dot  size  fluctuations  of  a  few  nanometer  within  a  quantum  dot  array,  the  increase  of 
the  emission  linewidth  should  then  be  interpreted  as  the  combined  emission  from  dots  with  slight  different 
sizes. 


(a)  No.702 


(b)  No.706 


Fig.  1.  The  PL  spectra  of  samples  No.702  and  No.706.  Here, 
the  arrows  represent  the  energy  positions  of  the  PL  peak. 


The  PL  intensities  of  the  two  QD  arrays  are  much  weakened  in  comparison  with  the  reference  QW.  On  the 
one  hand,  the  reason  can  be  explained  as  that  in  the  QD  arrays,  the  area  excited  by  Ar+  laser  is  much 
smaller  than  that  in  QW,  the  shrinkage  of  the  illumination  area  leads  to  weaken  PL  intensity.  On  the  other 
hand,  the  reduction  of  PL  intensities  may  be  attributed  to  the  influence  of  nonradiative  recombination  via 
the  surface  states  and  faults  at  the  open  sidewalls. 


Besides,  for  the  sample  No.  702,  the  peak  energies  emitted  from  QW  and  QD  arrays  are  calculated  using  a 
simplified  theoretical  model  and  are  compared  with  the  experimental  data.  For  the  infinite  barriers,  the 
well-known  expressions  of  the  emission  energy  are  given  by  following  equations: 


For  QW, 
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Corresponding  to  the  reference  QW,  shifts  of  the  peak  position  for  QD-100  nm  and  QD-50  nra  are  2.2 
meV  and  6.1  meV,  respectively.  The  calculated  value  are  almost  close  to  the  experimental  data.  It  means 
that  the  experimental  data  are  very  reasonable  and  trustworthy. 

PL  spectra  of  another  sample  No.706  were  investigated  at  10  K  as  shown  in  Fig.  2(b).  It  is  found  from  Fig. 
2(b)  that  the  peak  energy  of  the  QW  with  the  well-width  of  19.5  nm  is  1.5492  eV  and  FWHM  is  3  meV. 
Comparing  with  the  reference  QW,  the  PL  blue-shifts  for  the  three  QD  arrays  (QD-130  nm,  QD-75  nm 
and  QD-46  nm)  are  observed  experimentally  to  be  2.0  meV,  2.7  meV  and  4.3  meV,  respectively;  the  PL 
peaks  at  low  energy  side  are  broadened  dramatically,  FWHMs  are  about  50-60  meV  and  the  intensities  are 
weakened  greatly. 

As  we  mentioned  above,  the  structures  and  qualities  of  the  both  samples  No.706  and  No. 702  are  nearly 
similar.  Why  the  linewidths  of  the  QD  arrays  based  on  sample  No.  706  are  much  wider  than  these  of  the 
QD  arrays  based  on  samples  No.702?  It  is  know  that  the  PL  linewidth  is  caused  by  the  fluctuations  of  the 
dot  sizes,  the  dot  inhomogeneity  of  the  sample  No.706  are  nearly  with  No.702  and  not  very  serious;  so  the 
peak  widening  is  resulted  from  the  difference  of  the  fabrication  process  of  the  QD  arrays.  In  the 
fabrication  processes  of  the  three  QD  arrays  based  on  sample  No.706,  reactive  ion  etching  was  only  used 
but  not  wet  chemical  etching,  thus  during  the  processes  of  the  reactive  ion  etching,  high-energy  ion  gave 
rise  to  surface  damage  at  the  open  sidewalls.  The  PL  peaks  are  widened  enormously  due  to  the  influence 
of  the  recombination  via  the  surface  states  and  faults  at  the  open  sidewalls.  The  QD  arrays  were  fabricated 
on  the  samples  No.702  wafer  by  using  dry-wet  etching  method,  that  is,  wet  chemical  etching  was  applied 
after  reactive  ion  etching,  the  surface  damage  was  decreased  greatly.  In  order  to  improve  the  quality  of  the 
QD  arrays,  the  application  of  dry-wet  etching  method  is  very  necessary  and  valid. 

The  luminescence  signal  of  three  QD  arrays  in  respect  to  the  QW  with  well-width  of  4.2  nm  was  too  weak 
to  detect. 


4.  CONCLUSION 

In  the  work,  PL  properties  of  the  two  different  types  of  the  QD  arrays  fabricated  by  etching  were  studied  at 


low  temperature.  The  PL  positions  in  comparison  with  these  of  the  reference  QW  were  observed  to  shift  to 
higher  energy  side,  no  matter  how  the  fabrication  process  is.  The  blue-shifts  can  be  attributed  to  the  spatial 
quantization  size  effects,  and  the  smaller  the  diameter  of  the  quantum  dots,  the  larger  the  blue-  shift. 

In  general,  the  PL  linewidths  of  the  QD  arrays  fabricated  by  etching  are  broadened,  the  PL  peaks  for  the 
QD  arrays  based  on  sample  No. 702  (using  dry-wet  etching  in  the  fabrication  processes)  are  much  more 
narrow  than  these  for  the  QD  arrays  based  on  sample  No.706  (only  using  dry  etching).  Our  results 
demonstrate  that  in  the  fabrication  processes  of  the  QD  arrays,  wet  chemical  etching  reduced  the  surface 
damage  caused  by  high-energy  ion  in  RIE  process  and  improves  the  qualities  of  the  QD  arrays. 

The  QD  arrays  with  the  high  quality  afford  us  a  possibility  of  the  development  and  application  of  the 
optoelectronic  devices  made  by  the  QD  arrays.  It  is  expected  that  the  photoluminescence  characteristics  of 
the  QD  arrays  will  be  improved  dramatically  by  increasing  resolution  of  electron  beam  lithography, 
enhancing  dot  density  and  homogeneity,  decreasing  etching  energy  of  reactive  ion,  applying  dry-wet 
etching  method  and  so  on. 
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ABSTRACT 

It  is  fairly  well  established  that  self-aligned  quantum  dots  can  form  in  strained  epitaxial  systems.  One  system  that  has 
been  studied  extensively  is  the  InAs/GaAs  system  wherein  the  difference  in  lattice  parameter  is  about  7.0%.  Strains  within 
the  dot  and  the  surroundings  are  known  to  influence  the  optical  properties  of  the  system.  However,  very  little  information  is 
available  on  the  strains  in  these  quantum  dots.  In  particular,  the  effect  of  shape  of  the  initial  shape  of  quantum  dots  and 
boundary  conditions  are  not  very  well  known.  Strains  in  InAs  quantum  dots  embedded  in  GaAs  have  been  examined  using 
the  finite  element  method  within  a  thermo-mechanical  framework.  The  initial  shape  of  the  dot  is  assumed  to  be  conical  in  3- 
D  with  different  width/height  ratio  typical  of  quantum  dots.  Modeling  is  accomplished  using  a  2-D  axi-symmetric  finite 
element  model.  Results  of  the  simulation  show  that  initially  conical  shaped  dots  become  more  rounded  in  shape  and  become 
lens-shaped.  It  has  been  shown  that  the  width/height  ratio  is  critical  in  determining  the  strains  within  the  quantum  dots. 
Results  of  the  calculation  are  compared  with  the  results  of  other  calculations  and  experimental  measurements  of  strains 
using  the  STM. 

Keywords:  InAs  quantum  dots,  GaAs,  Strains,  finite  element  method 

1.  INTRODUCTION 

Growth  of  hetero-epitaxial  layers  with  a  lattice  parameter  different  from  that  of  the  substrate  has  shown  that  under 
certain  conditions,  3-D  island  growth  is  possible  in  multi-layer  strained  systems.  Such  3-D  islands  are  also  known  to  form 
well-aligned  structures1,2.  Since  no  external  lithography  techniques  are  involved  in  the  fabrication  of  these  aligned 
nanometer-scaled  structures,  these  are  termed  as  self-aligned  quantum  dots.  Study  of  self-aligned  quantum  dots  is  an 
exciting  area  of  semiconductor  physics.  It  is  fairly  well  established  that  such  self-alignment  occurs  due  to  long-range  elastic 
strains  induced  by  the  presence  of  islands  with  a  lattice  parameter  different  from  that  of  the  substrate  and  the  cap  layer.  It 
has  been  demonstrated  that  3D  islanding  induced  strain  fields  in  the  protective  layer  can  extend  upto  distances  of  about  40 
nm.  It  is  also  well  know  that  the  stresses  and  strains  in  the  quantum  dot  influence  the  optical  properties  of  the  aggregate.  It 
has  been  shown  that  in  the  InAs/GaAs  system,  the  spectral  position  and  the  spectral  width  in  8K  photoluminiscence 
measurements  depend  upon  the  number  of  layers  in  the  self-aligned  system2.  It  was  concluded  that  inter-dot  coupling  was 
responsible  for  these  observations.  Hence,  there  is  a  significant  interest  in  the  study  of  the  self-aligned  quantum  dots. 

One  of  the  issues  that  have  been  of  interest  is  the  spatial  distribution  and  size  of  these  quantum  dots.  It  has  been 
shown  that  it  is  desirable  to  have  a  well-controlled  spatial  distribution  of  these  islands  with  a  sharply  peaked  size.  Since  it  is 
known  that  coherency  strains  control  the  growth  of  these  dots,  there  has  been  interest  in  understanding  the  strains  in  these 
quantum  dots  and  relating  these  to  the  growth  and  hence  the  optical  properties.  A  variety  of  techniques  have  been  used  for 
the  physical  characterization  of  these  quantum  dots1-8.  Popular  techniques  used  include  high-resolution  transmission 
electron  microscopy  (HRTEM)1-2,7"8,  Scanning  Tunneling  Microscopy  (STM)/ Atomic  Force  Microscopy  (AFM)3-5  and  high- 
resolution  x-ray  diffraction  (XRD)8.  Aspects  of  interest  include  shape,  size  and  size  distribution,  spatial  distribution 
including  alignment,  effect  of  growth  conditions  on  the  characteristics  of  the  quantum  dots  and  the  strains  in  the  quantum 
dots,  substrate  and  the  cap  layers.  In  particular,  the  cross-sectional  STM  is  a  very  popular  tool  for  the  study  of  the  quantum 
dots  since  using  this  technique  it  is  possible  to  cleave  the  wafers  and  study  the  shape  of  the  quantum  dots  and  to  study  the 
strains  introduced  due  to  the  presence  of  the  quantum  dots.  In  the  present  study,  further  discussion  will  be  focussed 
primarily  upon  the  shape  of  the  dots  and  the  strains  in  the  system. 

Cross-sectional  TEM  and  STM  studies  have  shown  that  the  shape  of  the  self-aligned  embedded  quantum  dots  in  this 
system  is  lens-shaped1, 2’ 3.  Other  studies  using  cross-sectional  STM  studies  have  shown  a  trapezoidal  shape  for  quantum 
dots  grown  by  MOCVD4,5.  However,  the  effect  of  cleaving  on  the  shape  of  the  quantum  dots  has  not  been  addressed  in  these 
studies.  Further,  the  change  in  strains  due  to  the  shape  of  the  quantum  dots  is  also  not  very  well  studied.  Previous 
calculations  have  either  focussed  on  pyramidal  dots  with  a  cap  layer9-11  or  conical  dots  without  a  cap  layer12.  It  has  been 
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discussed  that  the  shape  of  the  dot  along  with  the  boundary  conditions  can  influence  the  strains  in  these  dots.  The  subject  of 
the  current  study  is  to  examine  the  effect  of  the  initial  shape  of  the  dots  on  the  strains  in  these  systems.  This  will  partly  help 
in  understanding  if  the  shape  has  any  influence  on  the  strains  and  hence  the  evolution  of  self-aligned  quantum  dots  in  these 
systems. 


2.  METHODOLOGY 

In  the  current  study,  for  illustration,  we  have  used  the  case  of  an  InAs  quantum  dot  embedded  in  GaAs,  with  a  buffer 
layer.  The  finite  element  method  (ANSYS  5.5)  is  used  for  the  calculations.  2-D  axi-symmetric  model  has  been  used  for  the 
calculations.  The  difference  in  the  lattice  parameters  of  InAs  and  GaAs  of  7.0  %  is  incorporated  through  a  thermo¬ 
mechanical  model.  The  InAs  region  and  the  GaAs  region  are  assigned  different  thermal  expansion  coefficients  such  that  the 
misfit  is  met  at  the  interface.  It  has  been  fairly  well  established  that  the  finite  element  method  can  be  used  to  calculate 
strains  in  such  systems11,12.  Comparison  with  calculations  based  on  atomistic  elasticity  has  clearly  shown  that  discrepancy 
between  the  two  techniques  arises  only  in  regions  close  to  the  interfaces10.  The  main  emphasis  in  the  current  study  is  the 
effect  of  shape  on  the  quantum  dots.  Hence,  within  the  2-D  model,  the  shape  of  the  free  quantum  dot  is  assumed  to  be  a 
triangle.  This  represents  a  conical  shaped  dot  in  the  3-D  model.  Difference  in  shape  is  accommodated  by  changing  the 
angles  of  the  triangle.  Isotropic  material  properties  are  used  for  the  calculations  as  shown  in  Table  1.  Rigid  body 
displacement  along  the  y-direction  is  constrained  by  applying  null  displacements  along  the  y-direction  to  the  node  at  the 
origin. 


Figure  1  shows  a  schematic  of  the  modeled  region.  As  seen  from  the  figure,  the  substrate  GaAs  has  a  thickness  of  30 
nm,  the  wetting  layer  is  1  nm  thick  and  the  cap  layer  extends  up  to  a  height  of  30  nm  from  the  buffer  layer.  Totally,  three 
different  shapes  have  been  modeled  in  the  present  study.  In  the  first  model,  the  width  of  the  dot  (b)  is  taken  to  be  12  nm 


Figure  1.  Schematic  showing  region  used  for  the  simulation.  Region  consists  of  30  nm 
GaAs  substrate  layer,  1  nm  InAs  wetting  laye  rand  the  InAs  conical  dot  and  the  cap  layer. 

Figure  shows  the  dot  with  a  base  of  length  b=12  nm  and  height  h=3  nm.  Isotropy  is 
assumed  for  the  calculations.  Translating  to  the  physical  model,  the  x-axis  lies  on  the 
plane  parallel  to  the  interfaces  while  the  y-axis  is  along  the  normal  to  the  interfaces.  O 
denotes  the  global  origin  for  the  calculations. 

while  the  height  (h)  of  the  dot  is  assumed  to  be  3  nm.  These  dimensions  are  very  similar  to  those  observed  in  the  earlier 
STM  study.  In  the  second  model,  the  width  of  the  dot  is  assumed  to  be  5  nm  and  the  height  is  assumed  to  be  5  nm.  These 
dimensions  have  been  used  in  other  studies  aimed  at  calculating  strains  in  these  embedded  quantum  dots.  The  third  model 
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Material 

E  (GPa) 

GaAs 

86.96 

InAs 

51.42 

assumes  a  truncated  cone.  The  width  again  is  taken  as  5  nm  and  the  height  is  now  assumed  to  be  2.5  nm.  In  the  axi- 
symmetric  model,  the  axis  of  cylindrical  symmetry  is  taken  to  be  the  y-axis. 

3.  RESULTS  AND  DISCUSSION 

Figure  2  shows  the  results  for  the  £yy  (radial  strain)  and  the  resultant  shape  of  the  embedded  quantum  dot  obtained 
from  the  simulation  for  the  case  when  the  b/h  ratio  is  equal  to  4.  Note  the  large  variation  in  strains  within  and  around  the 
quantum  dot  and  the  wetting  layer.  It  should  be  recalled  that  the  wetting  layer  is  also  assumed  to  consist  of  InAs.  Note  that 
the  conical  shape  assumed  for  the  dot  has  been  modified  into  a  more  semi-ellipsoidal  shape.  The  change  in  shape  can  be 
easily  understood  since  in  the  radial  direction,  the  dot  is  constrained  by  the  presence  of  the  GaAs  substrate.  However,  both 
the  GaAs  cap  layer  and  the  InAs  dot  layers  can  expand  in  the  y-direction  perpendicular  to  the  free  surface  with  the  only 
constraint  being  the  compatibility  between  the  InAs  in  the  dot  layer  and  the  GaAs  in  the  cap  layer.  Hence,  the  dot  which  was 
originally  conical,  becomes  more  rounded,  resulting  is  a  lens-shaped  dot. 
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Figure  2.  as  a  function  of  position  and  the  shape  of  the  quantum  dot  for  h/b=4. 


Figures  3  to  6  show  the  variation  in  (normal  strain)  as  a  function  of  position  in  the  direction  perpendicular  to  the 
interfaces  along  a  line  passing  through  the  origin  (y-direction).  Three  cases  -  where  b/h  is  equal  to  1,  hi)  equal  to  4  and 
finally  for  the  truncated  cone  with  h/b  equal  to  1,  respectively-  are  shown  in  the  figures.  The  variation  in  strain  (shape  of 
curve)  along  the  y-  direction  is  very  similar  to  that  observed  in  previous  calculations  of  strains  in  quantum  dots8'10.  The 


Figure  3.  and  %  as  a  function  of  position  along  the  line  parallel  to  the  y-axis  and 
passing  through  the  origin  for  the  case  when  b/h=l. 


Figure  4.  and  gyy  as  a  function  of  position  along  the  line  parallel  to  the  y-axis  and 
passing  through  the  origin  for  the  case  when  b/h=4. 


major  features  of  this  curve  are  discussed  below.  As  the  wetting  layer  is  approached  from  the  substrate,  note  that  the  strain 
first  becomes  tensile.  This  is  due  to  the  lattice  parameter  of  the  InAs  region  (the  wetting  layer  and  the  quantum  dot)  being 
larger  than  the  substrate.  Hence  regions  in  the  substrate  that  adjoin  the  layer  with  the  larger  lattice  parameter  are  partially 
stretched  to  maintain  continuity.  Within  the  wetting  layer  and  the  dot  itself,  en  is  essentially  compressive,  denoting  that  the 
quantum  dot  is  constrained  by  the  presence  of  the  substrate.  As  the  apex  of  the  cone  is  reached,  the  situation  is  similar  to 
that  in  the  region  near  the  wetting  layer,  with  the  substrate  again  experiencing  a  tensile  strain. 
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Figure  5.  and  as  a  function  of  position  along  the  line  parallel  to  the  y-axis  and 
passing  through  the  origin  for  the  case  for  a  truncated  cone  with  b/h=L 


Figure  6.  as  a  function  of  position  along  the  line  parallel  to  the  y-axis  and  passing 
through  the  origin  for  the  case  when  b/h=l  and  for  b/h=4. 


Also  shown  in  the  figures  are  the  variations  in  8yy  as  a  function  of  position  along  this  line  passing  through  the  origin 
and  parallel  to  the  y-axis.  Note  that  there  is  a  compressive  strain  within  the  substrate  near  the  wetting  layer.  Inside  the 
quantum  dot,  £yy  is  initially  tensile  and  then  becomes  compressive  and  within  the  substrate  near  the  apex  of  the  cone.  This 
compressive  strain  has  also  been  observed  in  the  previous  calculations  for  a  pyramidal  island  with  the  same  b/h  ratio8’9.  The 
compressive  strain  in  the  substrate  at  the  apex  of  the  conical  region  and  the  bottom  near  the  wetting  layer  is  due  to  the 
Poisson  expansion  of  the  quantum  dot  along  the  y  direction  in  response  to  the  constraint  introduced  by  the  substrate  in  the 
radial  direction.  Note  that  this  constraint  was  reflected  in  being  compressive  within  the  quantum  dot.  As  seen  from  figure 
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4  and  figure  7,  the  magnitude  of  the  compressive  strains  within  the  substrate  at  the  top  and  bottom  of  the  quantum  dot  are 
smaller  when  the  b/h  ratio  and  the  height  of  the  cone  becomes  smaller.  This  can  be  related  to  the  size  of  the  quantum  dot 
along  the  y-axis.  Note  that  for  the  case  of  b/h  ratio  equal  to  1,  the  size  of  the  island  along  the  y-axis  is  5  nm  while  it  is  only  3 
nm  when  the  b/h  ratio  is  equal  to  4.  With  the  larger  size  along  the  y-axis,  more  displacement  has  to  be  accommodated  along 
this  direction  with  the  result  that  the  compressive  strains  in  the  substrate  are  larger  on  both  the  top  and  the  bottom. 

Figure  8  compares  the  radial  strain  in  the  quantum  dot  with  a  b/h  ratio  equal  to  4  with  that  of  the  truncated  quantum 
dot  with  b/h  equal  to  1.  Note  first  that  the  maximum  and  minimum  values  in  the  strains  are  comparable  for  the  two  cases. 


Figure  7.  €yy  as  a  function  of  position  along  the  line  parallel  to  the  y-axis  and  passing 
through  the  origin  for  the  case  when  b/h=l  and  for  b/h=4. 


Figure  8.  e„.  as  a  function  of  position  along  the  line  parallel  to  the  y-axis  and  passing 
through  the  origin  for  the  case  when  b/h=4  and  for  a  truncated  cone  with  b/h=  1 . 
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This  again  is  related  to  the  fact  that  the  size  of  the  dot  along  the  y-axes  is  3  nm  for  the  conical  dot  and  2.5  nm  for  the 
truncated  conical  dot.  However,  the  shape  of  the  strain  is  more  flat  for  the  truncated  dot  than  that  for  the  conical  dot, 
consistent  with  previous  calculations4.  Thus,  it  has  been  shown  clearly  that  the  shape  of  the  quantum  dot  can  have  a 
significant  effect  on  both  the  radial  strains  and  strains  along  the  normal  to  the  interfaces. 

There  are  very  few  experimental  studies  that  measure  the  highly  non-uniform  strains  in  these  systems.  In  a  recent 
study,  the  strains  along  the  normal  to  the  interfaces  have  been  measured  for  InAs  quantum  dots  in  GaAs  with  a  lens-shape 
using  cross-sectional  STM 3.  The  size  of  the  lens-shaped  dot  is  very  close  to  that  of  the  quantum  dot  with  b/h  ratio  equal  to  4 
used  in  our  calculations.  They  found  that  the  strains  are  first  compressive  (-14.0%)  in  the  substrate  close  to  the  wetting 
layer,  becomes  tensile  within  the  dot  (about  7.0  %),  then  becomes  highly  compressive  (-14.0%)  again  within  the  substrate  at 
the  top.  Comparing  this  with  the  results  of  the  calculations  shown  in  figure  7  for  b/h  equal  to  4  shows  that  the  general  trend 
is  similar  in  that  there  are  compressive  strains  on  either  side  of  the  dot.  However,  the  magnitudes  of  these  strains  are  much 
smaller  than  that  observed  in  the  experimental  study  with  the  maximum  compressive  strain  in  the  calculations  reaching  only 
about  -5.0%.  Within  the  quantum  dot,  tensile  strains  reach  only  about  4.0%  and  drops  off  fairly  sharply  in  the  calculations 
unlike  in  the  experimental  measurements  wherein  the  strains  stay  around  7.0%  within  most  of  the  quantum  dot.  It  is 
tempting  to  attribute  these  discrepancies  to  the  essentially  2-D  nature  of  our  model  and  the  use  of  isotropic  material 
properties.  However,  the  results  obtained  from  a  full  3-D  calculation13  are  comparable  to  those  obtained  in  the  present  study. 
It  has  also  been  shown  that  stress  relaxation  that  occurs  due  to  cleaving  for  the  STM  imaging  may  contribute  to  the  observed 
discrepancy. 


4.  CONCLUSIONS 

The  finite  element  method  has  been  used  to  calculate  the  effect  of  the  shape  of  quantum  dots  on  the  strains  within 
and  outside  InAs  quantum  dots  in  GaAs.  Beginning  with  a  conical  quantum  dot,  it  was  shown  that  due  to  the  constraints,  the 
embedded  quantum  dot  becomes  lens-shaped,  as  is  observed  in  experimental  studies.  Strains  have  been  calculated  for  cone- 
shaped  and  truncated  cone-shaped  quantum  dots  using  an  axi-symmetric  model.  Results  of  these  calculations  compare  well 
with  other  calculations  of  strains  in  pyramidal  embedded  quantum  dots.  However,  discrepancies  have  been  observed  with 
experimental  measurements  of  strains,  which  may  partially  be  related  to  relaxation  of  strains  during  sample  preparation. 
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ABSTRACT 


Quantum  well  intermixing  (QWl)  is  a  promising  technology  for  foe  fabrication  of  photonic  integrated  circuits  (PICs).  In 
this  paper,  we  report  the  development  of  a  new  QWI  process  using  undoped  and  Er-doped  SiO*  dielectric  caps  prepared 
using  sol-gel  technique,  A  differential  bandgap  shift  of  as  large  as  83meV  have  been  observed  from  samples  intermixed 
with  Er-doped  and  undoped  Si02  respectively.  Broad  area  gain  guided  lasers  have  been  fabricated  from  the  as-grown 
and  samples  with  bandgap  tuned  to  different  degrees  using  undoped  and  Er-doped  SiO*,  Lasers  fabricated  from  foe  as- 
grown,  undoped  and  Er-doped  Si02  samples  showed  lasing  wavelengths  of  865nm,  850nm  and  835nm  respectively. 
Compared  to  the  865nm,  the  threshold  current  of  the  850nm  and  83  Stun  wavelength  lasers  were  found  to  increase  by  5 % 
and  9.5%  respectively.  The  slope  efficiencies  from  these  lasers  were  found  to  exhibit  only  small  change  compared  to 
foe  as-grown  lasers.  These  results  imply  that  the  quality  of  the  material  remains  relatively  high  after  intermixed  using 
sol-gel  Si02  induced  QWI  technique. 

Keywords:  Quantum  well  Intermixing,  photonic  integrated  circuits,  sol-gel  technique,  GaAs/AlGaAs  laser  structure. 


INTRODUCTION 

Quantum  well  intermixing  (QWI)  using  impurity  free  vacancy  diffusion  (IFVD)  technique  is  one  of  the 
simplest  and  most  versatile  ways  of  controlling  the  bandgap  of  the  quantum  well  (QW)  after  growth,  particularly  in 
GaAs-AlGaAs  structures.  This  technique  uses  a  Si02  dielectric  cap  to  induce  outdiffusion  of  Ga  atoms  during  annealing, 
thereby  generating  group  III  vacancies  in  foe  underlying  GaAs-AlGaAs  material  and  hence  promote  interdiffiision 
between  Ga  and  Al,  which  in  turn,  change  of  bandgap  energy  of  the  QW. 

The  Si02  cap  for  IFVD  are  typically  coated  on  the  GaAs/AlGaAs  samples  using  Plasma  enhanced  chemical 
vapor  deposition  (PECVD)  or  sputtering.  The  sol-gel  process  is  an  interesting  alternative  to  deposit  Si02  on 
semiconductors.  In  recent  years,  foe  sol-gel  method  has  gained  considerable  attention  in  the  development  of  materials 
and  devices  for  optical  and  PIC  applications.  Si02  deposition  using  sol-gel  approach  is  simple  and  low  cost.  In  addition, 
it  allows  the  synthesis  of  very  pure  and  homogeneous  film  on  semiconductors.  A  key  advantage  of  sol-gel  process  is  the 
ease  with  which  composition  can  be  altered  and  dopants  introduced.  This  is  much  more  problematic  for  the  competing 
PECVD  methods.  For  these  reasons,  a  wide  range  of  novel  materials  could  be  prepared  for  PIC  applications. 

In  this  paper,  we  report  the  studying  of  IFVD  effect  on  GaAs/AlGaAs  laser  structure  using  sol-gel  derived 
Si02.  In  order  to  assess  the  quality  of  the  intermixed  materials,  bandgap  tuned  lasers  has  been  fabricated.  From  foe 
lasing  conditions  of  foe  lasers,  the  quality  of  the  materials  were  found  to  remain  high  after  intermixing. 
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EXPERIMENT 


A  GaAs-AlGaAs  DQW  laser  structure  was  used  in  the  experiments  (Figure  1).  This  structure  was  grown  by 
metal-organic  vapor  phase  epitaxy  (MOVPE)  and  was  of  the  form  of  a  separate-confinement  heterostructure  (SCH) 
DQW  laser.  The  DQW  region  was  undoped  and  consisted  of  two  10-nm-wide  GaAs  QW’s,  separated  by  a  10-nm 
Alo  aGao  sAs  barrier.  The  top  and  bottom  Alo.2Gao.8As  layers  were  0. 1  pm  thick  to  complete  the  waveguide  core.  Both  the 
upper  (0.9pm  thick)  and  the  lower  (1.5pm  thick)  cladding  layers  were  made  of  Alo.4Gao.6As  and  doped  to  a 
concentration  of  5  x  1017  cm'3  using  carbon  and  silicon,  respectively.  The  top  contact  epitaxial  layer  consisted  of  0. 1  pm 
of  GaAs  doped  with  5  x  1018  cm'3  of  zinc.  This  material  gave  a  77-K  photoluminescence  (PL)  peak  at  about  806  nm  and 
a  lasing  wavelength  from  a  broad-area  laser  at  around  860  nm  at  room  temperature. 


TOP  CONTACT  100  nm 
GaAs  p  =  5  x10’*  cm’ 


100  run  Al^Ga^s, 

10  nm  undopsd  GaAs 
10  nm  undoped  A^Ga^As— 
10  nm  undoped  G&As  ^ 
100  nm  AI^Ga^As^ 


Figure i  1 :  Schematic  diagram  of  the  GaAs/AlGaAs  structure  used  in  the  experiment 


The  undoped  SiO*  sol-gel  was  prepared  using  a  mixture  of  TEGS,  C2H5OH  and  were  prepared  in  the 
molar  ratio  1:10:12.  This  solution  was  for  undoped  film.  For  Er-doped  films,  the  solution  was  mixed  with  2%  wt%,  5 
wt%  and  10  wt%  erbium  respectively.  To  obtain  uniform  and  thin  coating  on  the  substrate,  the  solution  was  spun  on  the 
samples  at  a  speed  of 4000  rpm  for  30  seconds.  The  gel  was  dried  using  a  rapid  thermal  process  at  600PC  for  120  s. 

The  intermixing  step  was  carried  out  in  a  RTP  in  a  nitrogen  atmosphere.  The  samples  were  placed  faced  down 
on  a  piece  of  fresh  GaAs  acting  as  a  proxinfrty  cap  and  another  piece  of  GaAs  was  Placed  over  the  back  to  provide  an.  As 
overpressure  during  annealing.  The  chamber  was  vacuumed  and  purged  with  nitrogen  to  remove  any  undesirable 
contents.  Thesamples  wene-annealed  at  different  temperatin^rangefrom  850°C  to950°C,  using  nitrogen  as  process  gas. 
PL  were  then  carried  out  at  77  K  to  measure  the  bandgap  after  intermixing.  This  was  carried  out  with  the  samples 
measured  at  77  kelvin  using  liquid  nitrogen. 

The  fabrication  of  band-gap  tuned  lasers  from  DQW  material  intermixed  with  different  percentage  of  doped 
Si02  were  done  with  samples  (8  mm  x  8  mm  size)  spun  with  different  sol-gel  S1O2  at  4000  RPM  for  30  s.  The 
intermixing  process  were  done  using  the  RTP  at  900  °C  for  30  s.  Then,  PL  measurement  under  77  K  using  liquid 
nitrogen  were  carried  out.  Subsequently,  the  sol-gel  were  removed  and  Si3N4  (200  nm)  were  deposited  for 
photolitography  using  mask  aligner  (50  pm  stripe).  Positive  metal  contact  were  deposited  using  Ti  /  Au  (30nm  /  150 
nm).  The.sub^xate.weroth^  be  thinned  to  2QQpmbeforod^ositingn^tive  metal  contact  usingAu  /  Ge  /  Au  /  Ni  /  Au 
(10  nm  /  20  nm  / 10  nm  /  20  nm  /  240  nm).  Finally,  the  fabricated  lasers  were  characterized  using  the  semiconductor  test 
kit.  After  the  fabricating  steps,  the  samples  are  cleaved  into  different  cavity  lengths  of  500  pm,  700  pm,  900  pm  and 
1000  pm. 
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RESULTS  AND  DISCUSSIONS 


Figure  2  shows  the  atomic  force  microscopy  (AFM)  images  from  samples  deposited  with  different  percentage 
of  Er-doped  Si02.  Measurements  show  that  the  root  mean  square  (RMS)  roughness  increases  with  dopant  concentration, 
i.e.  from  0.3  nm  to  1.1  nm  for  10  %  Er  film.  The  results  imply  that  undoped  Si02  films  produce  a  better  and  uniform 
film. 


Different  thickness  of  both  undoped  and  Er-doped  sol-gel  films  were  deposited  onto  the  DQW  samples  and 
annealed  at  different  annealing  conditions  to  study  the  effect  of  the  Si02  thickness  on  the  degree  of  intermixing.  The 
number  of  layers  to  be  deposited  to  achieve  a  given  final  multilayer  thickness  can  be  determined  from  Figure  3.  The 
thickness  of  each  layer  were  measured  using  thin  film  measurement  technique.  A  thickness  of  about  120  nm  was 
measured  for  the  first  layer,  130-140  nm  for  the  second  and  third  layers  and  about  170-200  nm  for  the  fourth  layers.  The 
figure  shows  the  consistency  in  all  the  different  films.  The  thickness  of  sol-gel  films  gradually  decreases  with  heating 
time,  for  a  given  temperature  [1l  The  difference  in  thickness  between  the  fourth  layer  and  first  three  layers  can  be 
explained,  since  the  latter  has  gone  through  annealing  for  repeated  times. 

Figure  4  give  the  degree  of  QWI  as  a  function  of  RTP  temperature  for  samples  with  10%  Er-doped  Si02.  From 
Figure  4,  it  is  observed  that  no  significant  wavelength  shift  has  been  obtained  for  different  thickness.  Similar  trend  has 
also  been  observed,  from  samples  intermixed  with,  different  percentage  of  erbium.  The  results  in.  Figure  4  imply  that  the 
thermal  stress  effect  is  not  the  main  factor  in  sol-gel  intermixing  since  the  flow  temperature  is  relatively  low  ®. 


&te%  ?yp* 


Figure  Z:  Surface  morphologies  qf  the  sol-gel  SiOZ  doped  with  different  Er  concentration. 
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Figure  3  :  Tlmdmess  of  Si02  film  as  afumdkm  erf  number  erf  layer 


Annealing  Tem-p-eraturn(°C) 

Figure  4 :  Differential  shift  with  reference  to  as-grown,  as  a  function  of RTP 
temperature far  10%  Er  doped sample 


The  as-grown  samples  and  samples  deposited  with  200  nm  of  Si02  were  intermixed  at  900°C  for  30  s.  Figure  5 
shows  the  PL  spectra  from  the  for  as-grown,  Er-doped  and  undoped  samples.  The  $\Oz  layers  deposited  using  sol-gel 
we  highly  porous  and  some  of  the  bonding  network  of  Si02  are  believed  to  have  been  broken  due  to  the  stress-  gradient 
between  the  GaAs  and  Si02  films.  This  would  enhance  the  diffusion  of  Ga  atoms  through  the  Si02  network.  At  the  same 
time,  As  atoms  would  also  diffuse  into  the  SiC2  during  high  temperature  As  overpressure  annealing.  However,  Ga  atoms 
would  preferentially  outdiffuse  as  the  diffusion  coefficient  of  As  in  SiQ*  is  extremely  low  compared  to  Ga.  At  similar 
annealing  temperatures,  the  effective  diffusion  rate  of  Ga  has.  been  found  to  be  greater  when  using  a  short-rise-time  RTP 
than  using  a  conventional  furnace.  This  observation  suggests  that  stress  induced  at  the  Si02  -  GaAs  interface  is 
responsible  for  enhancing  outdiffiision  of  Ga,  as  RTP  introduces  greater  stress  at  the  SiC^-GaAs  interface  than 
conventional  furnace  annealing 
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Figure  5 :  PL  spectra  from  the  as-grown,  undoped  and  doped  samples 


As  shown  in  Figure  5,  undoped  SiC>2  seems  to  suppress  intermixing  compared  to  doped  SiC>2,  with  a  differential 
shift  of  30  um  under  the  same  annealing  condition.  This  is  might  be  due  to  undoped  Si02  film  has  a  lower  porosity 
network  than  Er-doped  SiC>2.  Since  impurity  is  added  to  the  latter  to  cause  the  film  to  become  more  porous  than  the 
undoped  film,  it  has  resulted  in  promoting  the  Ga  atoms  from  the  GaAs  layer  to  diffuse  through  the  more  porous 
network  of  the  doped  film  and  hence  increasing  quantum  well  intermixing. 


Current  (A) 
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Bandgap  tuned  lasers  have  been  fabricated  from  samples  intermixed  with  different  percentage  of  Er-doped 
Si02.  Comparing. the  samples  for  the  same  cavity  length,  the  as-grown  samples  give  lower  threshold,  current. Im..  On  the 
other  hand,  the  Ith  of  undoped  samples  are  lower  than  the  doped  samples.  The  difference  in  threshold  current  is 
significant,  comparing  the  doped  and  as-grown  samples.  This  may  be  due  to  the  loss  of  carrier  confinement. 

After  obtaining  the  I- V  curve  and  L-l  curve,  the  optical  spectral  analyzer  to  the  spectra  emitted  from  the 
semiconductor  lasers.  From  Figure  7,  it  clearly  shows  that  the  wavelength  is  successfully  shifted  after  intermixing. 
These  spectra  wero obtained  from  lasers  with  cavity  length  700  pm  operated  just  above  threshold.  The  peak  wavelength 
of  the  as-grown,  undoped  and  doped  samples  are  at  865,  850  and  835  nm  respectively.  This  indicated  that  the  blue 
wavelength  shift  is  greater  comparing  the  doped  sample  against  the  undoped  sample.  This  again  illustrates  that  the  QWI 
rate  is  greater  due  to  the  vacancies  created  by  the  dopant  in  the  film. 


Figure  7 :  Spectra  of  semiconductor  lasers  fabricated  with  cavity  length  of  700  pm. 


CONCLUSION 


QWI  using  sol-gel  Er-doped  and  undoped  SiQ2  films  in  GaAs/AlGaAs  films  have  been  developed.  Bandgap 
tuned  lasers,  fabricated  from  the  as-grown  and  intermixed  samples  have  been  demonstrated.  The  lasers  fabricated  from 
as-grown,  undoped  and  doped  samples  give  peak  wavelength  at  865,  850  and  835  nm.  From  the  threshold  current 
density,  the  intermixed  lasers  are  found  to  be  in  good  quality. 
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ABSTRACT 

Neutral  impurity  induced  quantum  well  intermixing  (QWI)  is  an  attractive  and  promising  postgrowth  bandgap  engineering 
process  for  the  fabrication  of  photonic  integrated  circuits  (PICs),  as  it  introduces  no  additional  electrical  active  dopants  into 
the  material  system  after  intermixing.  Here,  we  report  the  development  of  neutral  impurity  induced  QWI  processes  in 
InGaAs-InGaAsP  laser  structure  using  low  energy,  i.e.  360keV,  arsenic  and  phosphorous  ion  implantation.  The  samples  were 
implanted  at  room  temperature  and  200  °C,  with  a  dose  range  between  1012  and  1014  ions/cm2.  The  QWI  stage  was  carried  out 
by  annealing  the  implanted  samples  at  650  °C  for  120  s.  Samples  implanted  at  200  °C  give  higher  degree  of  QWI.  Compared 
to  P  implanted  samples,  larger  bandgap  shift  was  observed  from  As  implanted  samples  after  annealing.  A  differential  PL 
bandgap  shift  as  large  as  93  nm  (60  meV)  was  observed  from  samples  implanted  with  1014  ions/cm2  of  As.  Bandgap  tuned 
lasers  fabricated  from  intermixed  samples;  the  current  threshold  density  of  the  intermixed  lasers  slowly  increases  with  the 
amount  of  blueshift  and  is  kept  below  20%  for  the  most  blueshifted  devices.  The  attractive  device  characteristics  of  the 
bandgap  tuned  lasers  show  that  damage  induced  by  the  ion  implantation  can  be  almost  fully  treated  after  annealing.  This 
implies  that  the  material  remains  in  good  quality  after  QWI. 


Keywords:  Low  energy  ion  implantation,  quantum  well  Intermixing,  InGaAs-InGaAsP,  quantum  well  laser. 


1.  INTRODUCTION 

Optoelectronics  integrated  circuits  (OEICs)  and  photonics  integrated  circuits  (PICs)  are  of  considerable  interest  for  the 
development  of  telecommunication  system.  The  driving  forces  for  PICs  are  to  improve  the  complexity  of  next-generation 
optical  communication  links,  networking  architectures  and  switching  systems,  such  as  in  the  multichannel  wavelength 
division  multiplexer  (WDM)  and  high  speed  time  division  multiplexer  (TDM)  system.  In  PICs,  besides  gaining  from  the  low 
cost,  size  reduction,  and  increased  packaging  robustness,  the  main  advantage  is  all  the  interconnections  between  the 
individual  guided- wave  optoelectronics  devices  are  precisely  and  permanently  aligned  with  respect  to  one  another  since  the 
waveguides  are  lithographically  produced. 

In  the  integration  process,  complex  devices  are  built  up  from  components  that  are  very  different  in  functionality  such  as  light 
emitter,  waveguides,  modulators  and  detectors.  Each  components  need  different  material  structures  to  achieve  optimized 
performance.  As  a  result,  the  ability  to  modify  the  bandgap  energy  and  the  refractive  index  of  materials  are  important  in  order 
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to  realize  OEICs  and  PICs.  A  number  of  techniques  have  emerged  for  this  purpose,  commonly  used  approaches  are  the 
growth  and  regrowth  selective  area  growth  2  and  quantum  well  intermixing  (QWI)  \  Among  the  three  techniques,  QWI 
provides  a  postgrowth,  simple  and  low-cost  integration  process. 

QWI  is  based  on  the  fact  that  a  quantum  well  (QW)  is  inherently  metastable  system  due  to  the  large  concentration  gradient  of 
atomic  species  across  the  QWs  and  barriers  interface.  Hence,  this  allows  the  modification  of  the  bandgap  of  quantum  well 
structures  in  selected  regions  by  intermixing  the  quantum  wells  with  the  barriers  to  form  alloy  semiconductors.  This 
technique  offers  an  effective  post-growth  method  for  the  lateral  integration  of  different  bandgap,  refractive  index  and  optical 
absorption  within  the  same  epitaxial  layers.  Current  research  has  been  focused  on  QWI  using  approaches  such  as  impurity 
induced  disordering  (IFVD)  4,  photoabsorption  induced  disordering  (PAID)  5  and  impurity  induced  disordering  (IID)  6. 

Among  all  the  QWI  methods,  IID  is  the  only  process  which  requires  the  introduction  of  impurities  into  the  QW  materials  in 
order  to  realize  the  intermixing  process.  These  impurities  can  be  introduced  through  focus  ion  beam,  furnace  diffusion  and 
also  ion  implantation.  In  this  project,  an  ion  implantation  process  was  used  not  only  to  implant  As  and  P  impurities  into  the 
InGaAs-InGaAsP  material,  but  also  to  create  point  defects  in  the  material  to  promote  higher  degree  of  intermixing. 

Low  energy  ion  implantation  IID  is  a  relatively  simple  and  highly  reproducible  intermixing  process.  It  has  the  ability  to 
provide  high  spatial  resolution  for  the  integration  of  small  dimension  devices  and  bandgap  shifts  can  be  controlled  through 
the  implantation  parameters.  This  technique  is  commonly  used  to  achieve  lateral  electrical  and  optical  confinement  in 
semiconductors  such  that  low  threshold  current  and  single  lateral-mode  operation  can  be  obtained  6.  Furthermore,  the  HD 
process  is  of  considerable  interest  for  the  integration  of  WDM  systems,  such  as  the  multiwavelength  laser  source,  low-loss 
waveguide,  modulator  and  even  the  detector. 

During  implantation,  impurities  as  well  as  point  defects  such  as  Group  III  vacancies  and  interstitials  are  introduced  into  the 
materials  in  selected  areas.  It  is  noted  that  these  impurities  and  point  defects  enhance  the  interdiffusion  rate  between  the  QWs 
and  barriers  and  hence  promote  intermixing  after  annealing.  During  the  interdiffusion  process,  the  local  bandgap  increases 
but  the  corresponding  refractive  index  decreases  7.  It  is  because  under  the  influence  of  injected  impurities,  the  compositional 
profile  of  QW  is  altered  from  a  square  to  a  nonsquare  profile  8.  Thus  provided  that  the  annealing  temperature  is  set  below  the 
thermal  stability  of  the  material,  it  is  possible  to  obtain  blueshifts  solely  in  the  desired  regions  which  is  a  prerequisite  to  any 
PIC  fabrication. 

Neutral  impurities  As  and  P  were  used  in  this  project  as  these  species  are  matrix  elements  of  the  InGaAs/InGaAsP  laser 
system.  As  compared  to  electrically  active  impurities,  neutral  impurities  As  and  P  exhibit  less  free  carrier  absorption  loss. 
Besides,  other  reasons  for  choosing  these  neutral  species  is  because  As  is  not-well  studied  in  InGaAs/InGaAsP  material 
system  and  P,  which  is  commonly  used,  was  chosen  for  the  comparison  of  these  two  impurities  towards  the  intermixing 
degree. 

In  this  project,  a  low  implantation  energy  at  360keV  was  chosen  so  that,  1)  no  extended  defects  are  induced  after  QWI,  2)  the 
damage  to  crystal  can  be  minimized.  At  this  low  energy  implantation,  the  process  can  be  controlled  such  that  the 
bombardment  only  occurs  on  the  contact  layers,  as  a  result  the  crystalline  quality  of  the  cladding  layers  and  QWs  can  be 
conserved.  Furthermore,  the  implantation  doses  were  chosen  only  up  to  1014  ions/cm2  to  maintain  the  residual  purity  by 
introducing  only  insignificant  doping  and  also  to  avoid  the  formation  of  amorphous  epitaxial  layers  under  higher  dose. 


2.  EXPERIMENT 

The  lattice-matched  InGaAs/InGaAsP  single  quantum  well  materials  was  grown  by  metal-organic  vapor  phase  epitaxy 
(MOVPE)  on  a  (lOO)-orientated  n+-type  S-doped  InP  substrates  with  an  etch  pit  density  less  than  1000cm'2.  The  geometry  of 
the  InGaAs/InGaAsP  laser  structure  used  in  this  experiment  is  shown  in  Fig.  la.  Fig  lb  shows  the  bandgap  structure  profile  at 
the  active  region.  The  InGaAs/InGaAsP  laser  structure  consists  of  55 A  single  Ino.53Gao.47As  well  with  120A  InGaAsP 
(kg=1.26pm,  where  Xg  is  the  wavelength  corresponding  to  the  bandgap)  barriers.  The  active  region  was  bounded  by  a  stepped 
graded  index  (GRIN)  waveguide  core  consisting  of  InGaAsP  confining  layers.  The  thickness  and  compositions  of  these 
layers  (from  the  QW’s  barrier  outward)  were  500A  of  ^g=1.18pm  and  800A  of  A.g=l  .05pm.  The  structure  was  completed  by 
InP  lower  cladding  of  1  pm  (with  S-doping  of  2.5xl018cm'3)  and  upper  cladding  of  1 .4pm  (with  Zn-doped  of  5xl017cm'3).  The 
contact  layers  consist  of  500A  InGaAsP  (Zn-doped  of  2xl018cm"3)  and  1000A  InGaAs  (Zn-doped  of  2xl019cm"3).  The 
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waveguide  core  was  undoped,  thus  forming  PIN  structure  with  intrinsic  region  restricted  to  the  QW  and  the  GRIN  layers.  The 
samples  gave  a  PL  wavelength  peak  at  1.55|im  at  room  temperature. 

The  samples  were  first  implanted  using  an  industrial  Varian/Extrion  DF-3000  implanter.  The  As  and  P  implantation  were 
carried  out  both  at  room  temperature  and  at  200°C  with  doses  varying  between  lxlO12  ions/cm2  and  lxlO14  ions/cm2  using 
doubly  charged  ions  at  360keV  implantation  energy.  The  samples  were  tilted  7°  from  the  ion  beam  during  implantation  in 
order  to  reduce  channeling  effects. 
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Figure  L  (a)  The  geometry  of  the  InGaAs/InGaAsP  single-quantum-well  laser  material  structure  used  in  this  experiment,  (b) 
Bandgap  profile  for  the  single  quantum  well  InGaAs/InGaAsP  material. 


A  subsequent  annealing  of  the  samples  was  carried  out  using  a  JetStar  rapid  thermal  processor  (RTP)  under  nitrogen-rich 
environment  to  avoid  surface  oxidation  of  the  epitaxial  layer.  During  annealing,  the  samples  were  face  down  onto  a  clean 
polished  GaAs  substrate  as  the  proximity  cap  to  prevent  As  out-diffusion  8.  Another  GaAs  cap  was  placed  on  top  the  sample 
to  act  as  protection  cap.  The  annealing  process  not  only  promotes  QW  intermixing  but  also  to  remove  nonradiative 
recombination  sites  from  the  implantation  process. 

The  intermixing  step  was  carried  out  at  two  different  temperatures,  600°C  and  650°C,  for  120s.  Results  from  the  thermal 
stability  test  show  that  the  as-grown  samples  give  no  significant  bandgap  widening  under  these  RTP  conditions. 
Photoluminescence  (PL)  measurements  at  77K  were  performed  on  the  samples  both  before  and  after  annealing  to  assess  the 
degree  of  intermixing. 

PL  measurements  indicates  the  amount  of  intermixing  using  As*4  and  P**  IID;  following  these  results,  bandgap  tuned  oxide 
stripe  lasers  were  fabricated  to  evaluate  the  laser  quality  between  the  intermixed  and  the  as-grown  samples. 
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3.  THEORETICAL  IMPLANT  SIMULATIONS 


Theoretical  calculation  of  the  dosage  and  concentration  of  points  defects  after  implantation  was  performed  using  TRIM  9. 
The  simulated  As4"*  and  results  for  this  experiment  are  shown  in  Figure  2.  Inplanting  As^  impurities  at  360keV,  the 
impurities  are  accumulated  within  the  contact  layers  and  the  P^  impurity  peak  extends  into  the  upper  cladding  layer  at  more 
than  1pm  above  the  active  region  (Fig  2a).  These  ion  range  distributions  further  confirm  that  no  implantation  damage  is 
created  in  the  QWs  and  the  barriers.  As  can  be  seen  from  Fig  2b,  due  to  the  larger  atomic  number  of  As  atoms,  the  amount  of 
vacancies  generated  from  the  As-implantation  is  more  than  twice  that  of  P-implantation.  However,  the  As-generated 
vacancies  are  accumulated  at  0.13  pm  from  the  surface  (within  the  contact  layers)  and  1.56pm  away  from  the  bottom  QW, 
whereas,  P-generated  vacancies  are  distributed  evenly  across  one-quarter  of  the  cladding  layer  from  the  surface.  This  implies 
that  the  concentration  of  defects  is  higher  with  As  implants. 


Depth  from  surface  (Angstrom) 

(a) 


Figure  2.  (a)  TRIM  simulation  of  As  and  P  ion  implantation  impurity  range  distributions,  (b)  TRIM  simulation  of  As  and  P  ion 
implantation  generated  vacancies  distribution.  The  simulations  were  performed  at  360  keV  with  the  ion  angle  titled  by  7°C  for 
InGaAs/InGaAsP  laser  material  system. 

4.  COMPARISON  OF  AS++  AND  P++  INTERMIXING  DEGREE 

Unlike  high  energy  implantation  IID  which  introduced  impurities  and  defects  at  the  well  and  barrier  region  10,  the  PL 
emission  for  the  low-energy  implanted  samples  before  going  through  RTP  was  still  detectable  and  gave  PL  peak  similar  to 
the  as-grown  sample.  This  is  because  As  and  P  ions  were  only  implanted  into  the  contact  and  cladding  layers  and  the  QW 
was  not  damaged  and  hence  reduced  the  scattering  loss  (see  Fig.  2). 
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Figure  3.  The  77  K  wavelength  blueshift  relative  to  control  sample  versus  different  As  and  P  implantation  doses,  (a) 
Samples  implanted  at  200  °C  and  (b)  samples  implanted  at  20  °C.  RTP  annealing  temperature  was  set  to  600°C  and  2 
minutes  duration. 


(a)  (b) 

Figure  4.  The  77K  wavelength  blueshift  relative  to  control  sample  versus  different  As  and  P  implantation  doses,  (a) 
Samples  implanted  at  200  °C  and  (b)  samples  implanted  at  20  °C.  RTP  annealing  temperature  was  set  to  650  °C  and  each 
cycle  of  annealing  was  2  minutes  long. 


Figure  3  shows  the  bandgap  shift  relative  to  the  control  samples,  as  a  function  of  As  and  P  implant  doses  for  both  samples 
implanted  at  200°C  and  room  temperature  respectively.  The  annealing  temperature  was  set  to  600  °C  and  gave  insignificant 
thermal  induced  blueshift.  Generally,  it  was  found  that  the  degree  of  QWI  increases  as  a  function  of  both  the  As  and  P 
implant  doses  for  samples  implanted  at  200°C  (Fig.  3a).  Under  similar  implant  conditions,  samples  implanted  at  room 
temperature  showed  limited  bandgap  shifts  (Fig.  3b  and  4b).  This  phenomenon  is  in  agreement  with  other  workers  11  and  can 
be  attributed  to  the  generation  of  aggregates  with  high  diffusion  activation  energy  during  subsequent  annealing  12  which 
appear  at  lower  doses  at  room  temperature.  We  can  see  that  the  formation  of  aggregates  leads  to  a  saturation  in  blueshifting 
for  room  temperature  implants.  Since  the  concentration  of  defects  is  higher  with  As  ions  than  P  ions  from  Fig.  4b,  we  can 
notice  that  As  IID  saturates  for  doses  in  the  1012  ions/cm2  range  whereas  P  IID  saturates  for  doses  in  the  1013  ions/cm2  i.e.  one 
order  of  magnitude  higher.  Because  the  amount  of  intermixing  is  closely  linked  to  the  quantity  of  defects  that  will  diffuse 
through  the  wells  during  the  rapid  thermal  annealing  I0,  we  can  use  higher  doses  and  therefore  obtain  more  blueshifting  of  the 
emission  wavelength  for  implantation  at  elevated  temperatures.  The  degree  of  intermixing  was  not  found  to  be  significantly 


172 


enhanced  after  the  second  annealing  at  the  same  temperature  for  2  min  for  both  room  temperature  and  200  °C  implanted 
samples  (Fig.  3a). 

In  order  to  verify  the  correlation  between  the  intermixing  degree  and  the  amount  of  vacancies,  the  As  and  P  were  annealed  at 
temperature  slightly  higher  than  the  thermal  stability,  which  was  650°C.  For  As  implanted  samples,  differential  wavelength 
shifts  between  the  control  and  implanted  samples  ranging  from  16nm  (lOmeV)  to  93nm  (60meV)  have  been  obtained  with 
samples  implanted  at  200°C  (Fig.  4a).  These  values  are  very  interesting  since  such  tunability  of  the  bandgap  energy  allows 
the  fabrication  of  multiple  wavelength  laser  sources,  quantum  confinement  stark  effect  (QCSE)  modulators  and  low  loss 
waveguides  for  photonic  device  integration.  The  observation  of  significant  intermixing  is  confirming  that  defects  are 
extremely  mobile  in  InP  based  material  systems  10  since  Monte-Carlo  simulation  performed  with  TRIM  indicates  that  defects 
generated  in  samples  implanted  using  these  conditions  are  located  at  a  relatively  shallow  depth  of  0.13pm  below  the  surface 
or  well  above  the  active  region  situated  1.5pm  below  (see  Fig.  2b). 

For  P  implanted  samples,  the  relative  blueshifts  were  of  the  same  order  for  both  annealing  temperatures.  This  indicates  that 
the  diffusion  of  the  point  defects  created  during  the  ion  implantation  has  been  mostly  treated  even  after  the  first  600°C 
annealing  stage  (Fig.  3a).  For  further  intermixing,  another  implantation/anneal  cycle  could  be  performed  13. 


5.  BANDGAP  TUNED  OXIDE-STRIPED  LASERS 

To  access  the  quality  of  the  material  after  QWI,  broad  area  gain  guided  lasers  were  fabricated  from  as-grown  sample  (no 
implantation  nor  annealing),  the  control  sample  (no  implantation  but  annealed),  and  the  As  and  P  implanted  intermixed 
samples.  In  this  experiment,  multiple  quantum  well  (MQW)  InGaAs/InGaAsP  laser  heterostructure,  which  has  the  same 
epitaxial  layer  structure  as  the  single  quantum  well  (SQW)  InGaAs/InGaAsP  heterostructure  (see  Fig  la)  except  for  the 
addition  of  4  wells  and  barriers,  was  used.  The  oxide  stripe  laser  pattern  with  a  contacted  window  of  30  or  50  pm  width  was 
used  and  the  fabricated  lasers  were  cleaved  into  500  pm  cavity  length.  The  intensity  versus  current  (L-I  curves)  and  the 
spectrum  of  the  laser  emission  were  then  measured  and  characterized.  The  results  are  shown  in  Fig.  6. 

From  Fig.  5a,  we  measured  the  threshold  current  density  (Jth)  for  as-grown  and  control  lasers  to  be  1.24kA/cm2  and 
1.28kA/cm2  respectively.  In  the  case  of  lxlO14  ions/cm2  As  and  P  implanted  samples,  we  obtained  of  1.4kA/cm2  and  1.48 
kA/cm2  respectively.  The  threshold  current  density  for  the  lxlO12  ions/cm2  As  implanted  sample  is  1.28kA/cm2  ,  i.e.  no 
noticeable  increase  in  (L-I  curve  not  included  for  clarity  since  these  devices  had  a  30pm  wide  contact  window).  The 
increase  in  for  highly  intermixed  samples  is  expected  in  part  because  of  the  QWs  shape  modification  resulting  in  a  loss  of 
confinement  after  the  intermixing  process  14.  With  only  less  than  20%  increment  of  for  140nm  blueshifted  lasers  as 
compared  to  as-grown  lasers,  it  implies  that  the  surface  damage  from  the  IID  process  was  mostly  treated  after  annealing  and 
that  the  optical  quality  of  the  material  is  conserved. 

From  Fig.  5b,  the  control  samples  and  as-grown  samples  exhibit  almost  similar  emission  at  1.55pm,  the  lxlO12  ions/cm2  As 
implanted  samples  emits  at  1.51  pm  and  the  lxlO14  ions/cm2  As  and  P  implanted  samples  are  blueshifted  more  than  lOOnm  to 
1.447  pm  and  1.410  pm  respectively.  These  results  show  that  low  energy  IID  could  be  used  to  fabricate  efficient  WDM  PICs 
with  high  quality  multi-wavelength  laser  sources  (small  blueshifting)  and  low  loss  strongly  blueshifted  waveguides  and 
QCSE  modulators. 
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Figure  5.  (a)  Intensity  versus  Injection  current  (L-I)  curves,  (b)  laser  spectrum,  for  as-grown,  control  and  As  implanted 
InGaAs/InGaAsP  MQW  oxide  stripe  lasers. 


6.  CONCLUSIONS 

We  have  successfully  developed  neutral  IID  process  to  control  the  degree  of  bandgap  energy  shift  in  InGaAs-InGaAsP 
quantum  well  laser  structures  using  low  energy,  360keV,  As  and  P  implantation  at  200°C.  Differential  PL  bandgap  shifts 
between  the  unimplanted  and  implanted  regions  going  up  to  60meV  (93nm)  are  reported  for  As  implanted  samples  with  a 
dose  of  1x1 014  ions/cm2;  laser  devices  fabricated  in  this  implanted  material  are  shifted  by  51meV  (lOOnm)  with  no  thermal 
shift  for  control  lasers.  To  the  best  of  our  knowledge  it  is  the  largest  degree  of  intermixing  ever  observed  in  InGaAs-InGaAsP 
laser  structure  using  low  energy  arsenic  implantation  induced  disordering.  From  the  fabricated  bandgap  tuned  lasers,  we  have 
observed  that  the  surface  damage  created  during  implantation  disappears  for  low  doses  and  has  been  mostly  treated  after 
annealing  with  only  20%  increase  of  threshold  current  density  for  140nm  blueshifted  laser  samples. 
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ABSTRACT 

In  order  to  clarify  the  temperature  dependence  of  the  polariton  phase  change  under  electric  field,  an 
interferometeric  measurement  was  performed.  The  sample  was  a  400-pm-long  polariton  waveguide  made  of 
GaAs/AlGaAs  layers  with  a  p-i-n  structure.  A  7.5  nm  GaAs  single-quantum  well  is  formed  at  the  center  of  the 
core  layer.  The  measured  phase  change  at  a  lower  temperature  is  about  10  times  larger  than  that  at  a  higher 
temperature,  and  the  critical  temperature  is  around  120  K.  This  critical  temperature  is  remarkably  high  although 
the  damping  of  the  polariton  usually  occurs  at  a  relatively  low  temperature.  Such  a  high  critical  temperature 
indicates  a  possibility  of  a  polariton  device  operation  in  a  relatively  high-temperature  region. 

Keywords:  quantum  well,  waveguide,  polariton,  phase  modulation,  switching  device 


1,  INTRODUCTION 

There  has  recently  been  much  interest  in  developing  semiconductor  optical-intensity  modulators  for  applications  in  optical 
communication  systems.  Critical  requirements  for  such  modulators  are  low  voltage  operation  and  small  size.  In  order  to 
meet  these  requirements,  we  have  developed  a  new  type  of  opto-electronic  device  that  uses  propagation  of  an  exciton 
polariton  [1-4]. 

An  exciton  polariton  is  a  composite  quasi-particle  formed  by  the  coupling  of  an  exciton  and  a  photon.  The  polariton 
propagation  is  described  by  as  specific  energy  vs.  wavevector  dispersion  relation  [5-8],  which  is  shown  in  Fig.l.  In  this 
figure,  the  broken  straight  line  represents  the  dispersion  of  an  uncoupled  photon  and  the  broken  parabolic  curve  indicates 
the  dispersion  relation  of  a  single  exciton.  When  the  photon  couples  to  the  exciton,  the  dispersion  curve  of  the  resultant 
polariton  splits  into  two  different  curves  called  the  upper  and  lower  branch,  as  shown  in  Fig.  1.  The  energy  difference 
denoted  by  ALT  denotes  the  longitudinal-transverse  (LT)  splitting  energy,  i.e.,  the  difference  between  the  longitudinal 
exciton  energy  and  transverse  exciton  energy.  Note  that  the  LT  splitting  energy  is  related  to  the  oscillator  strength.  Our 
previous  work  showed  that  the  LT  splitting  energy  of  the  exciton  in  GaAs  quantum  well  is  0.4  meV  [3]. 

One  of  the  most  significant  inherent  features  of  exciton  polariton  is  high  sensitivity  to  an  electric  field,  which  is  explained 
with  a  modified  dispersion  relation.  As  shown  in  Fig.2,  since  the  slope  of  lower  polariton  branch  is  shallow  around  the 
resonant  region,  a  small  red  shift  of  the  resonance  due  to  an  electric  field  induces  a  large  phase  change  (Ak)  in  a  wave 
vector.  Consequently,  we  can  obtain  a  large  phase  shift  with  only  a  slight  change  in  the  electric  field.  We  can  make  use  of 
this  highly  sensitive  response  to  achieve  low-voltage  operation  in  opto-electronic  devices. 

In  addition,  the  characteristic  wavelength  of  polariton  propagation  is  much  smaller  than  that  of  conventional  light 
propagation.  So  it  is  possible  to  have  a  large  effect  in  small  device  dimensions  of  only  a  few  microns  square,  which  means  it 
is  possible  to  fabricate  extremely  small  optical  devices.  We  therefore  developed  a  directional-coupler-type  device  using 
polariton  propagation  and  demonstrated  its  switching  operation  at  the  liquid-helium  temperature  [9], 

In  order  to  achieve  a  practical  device  that  uses  polariton  propagation,  higher  temperature  operation  is  a  must.  At  present,  the 
temperature  dependence  of  the  polariton  effect  has  not  been  sufficiently  studied.  Accordingly,  we  performed  the 
investigation  on  the  temperature  dependence  of  polariton  phase  change  through  an  interferometric  measurement.  In  this 
article,  we  describe  the  experimental  procedure  and  discuss  the  results. 
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2.  SAMPLE  STRUCTURE 


Figure  3  shows  a  schematic  illustration  of  the  sample  structure,  which  consists  of  a  2-pm-wide  GaAs/AlGaAs  waveguide 
and  a  400-pm-long  electrode  for  applying  the  electric  field.  Figure  4  shows  the  cross-sectional  structure  of  the  waveguide, 
which  is  made  of  p-i-n  GaAs/AlGaAs  layers.  A  1.8-pm-thick  Alo.13Gao.s7 As  core  layer  is  sandwiched  between  Alo.17Gao.g3 As 
claddings.  At  the  center  of  the  core  layer,  a  7.5-nm  GaAs  single-quantum  well  (QW)  is  formed.  The  resonance  wavelength 
of  the  QW  is  790  nm. 

We  calculated  the  propagation  constants  and  modal  fields  of  the  polariton  waveguide  described  in  Fig.4.  The  calculated 
field  profile  of  the  fundamental  mode  is  shown  in  Fig.  5.  The  waveguide  supports  no  higher  mode,  thus  it  is  a  single-mode. 
As  shown  in  Fig.  5,  the  light  propagating  in  the  waveguide  is  well  confined  and  interacts  with  an  exciton  in  the  QW, 
forming  stable  polariton  propagation.  The  modal  calculation  yields  a  mode  confinement  factor  of  F=4.5E-3,  which  is 
defined  as  the  overlap  between  the  quantum  wells  and  the  optical  mode. 

The  fabrication  process  of  the  devices  was  as  follows.  The  epitaxial  layers  forming  the  waveguide  were  grown  on  a  n-doped 
GaAs(lOO)  substrate  by  using  a  conventional  molecular-beam-epitaxy  (MBE)  system.  The  waveguide  structure  was 
fabricated  by  electron-beam  (EB)  lithography  and  subsequent  electron-cycrotron-resonance  (ECR)  etching.  The  EB 
lithography  was  carried  out  with  an  ELS-3700  EB  exposure  system  at  an  acceleration  voltage  of  30  kV.  The  wafers  masked 
with  EB  resist  were  etched  using  ECR  with  SiCl4.  Au  electrodes  were  deposited  onto  the  waveguide.  The  electrode  pattern 
was  patterned  by  EB  lithography  and  subsequent  ion  milling  with  Ar. 


3.  EXPERIMENTAL  PROCEDURE 

The  measurement  setup  is  shown  in  Fig.  6.  A  tunable  Ti-saphire  laser,  excited  by  an  Ar  laser,  was  used  as  a  light  source. 
The  tunable  range  of  the  Ti-saphire  laser  was  770  -  870  nm  and  average  power  used  for  this  measurement  was  20  mW.  The 
Ti-saphire  laser  beam  was  transmitted  with  conventional  optics  and  transformed  to  transverse-electric  (TE)  mode  with  a 
polarizer.  In  order  to  perform  the  interferometric  measurement,  the  sample  and  a  separate  reference  path  formed  a  Mach- 
Zehnder  interferometer.  The  TE-polarized  beam  was  focused  on  the  end  face  of  a  sample  in  a  cryostat,  which  was  inserted 
in  one  arm  of  the  Mach-Zehnder  interferometer.  The  interference  pattern  was  observed  with  the  CCD  camera.  The 
temperature  of  the  sample  was  controlled  by  the  temperature  controller  and  was  changed  from  liquid-helium  temperature 
(LHeT)  to  a  room  temperature  (RT).  The  phase  change  of  the  polariton  was  deduced  from  the  fringe  pattern  change  due  to 
the  applied  electric  field.  Figure  7  gives  the  examples  of  the  fringe  pattern  with  and  without  an  electric  field. 


4.  RESULTS  AND  DISCUSSIONS 

Figure  8  shows  the  measured  V,,  the  voltage  required  for  change  by  v  in  the  phase  of  the  polariton  propagation. 
Corresponding  electric  field  required  for  tt  phase  change  is  indicated  by  the  right  axis.  As  shown  in  the  figure,  Vu  depends 
strongly  on  both  the  detuning  wavelength  and  temperature. 

Figure  9  shows  the  relation  between  phase  shift  per  unit  voltage  and  detuning  wavelength,  which  is  replotted  from  Fig.8. 
The  phase  shift  rate,  which  is  directly  related  with  the  refractive  index  change  An,  decreases  monotonically  with  increase  in 
the  detuning  wavelength.  It  should  be  noted  that  the  detuning  wavelength  dependencies  of  the  phase  shift  rate  are  classified 
into  two  groups  corresponding  to  lower  temperature  (10  K-  80  K)  and  higher  temperature  (160  K-286  K). 

If  we  focus  our  attention  on  temperature  dependence,  it  is  found  that  the  phase  shift  rate  at  a  lower  temperature  is 
considerably  larger  than  for  the  higher  temperature.  For  example,  when  the  measured  wavelength  is  detuned  by  lOnm  from 
the  resonant  wavelength,  the  phase  shift  below  80  K  is  around  tt  per  unit  voltage.  On  the  other  hand,  at  the  temperature 
above  160  K,  it  is  about  tt/10  per  unit  voltage.  At  the  higher  temperature,  the  An/n/E  is  about  4E-10  cm /V  when  T=4.5E-3, 
which  roughly  agree  with  the  previous  work  on  normal  light  propagation  [10].  The  critical  temperature  is  around  120  K. 
This  temperature  dependence  is  shown  more  clearly  in  Fig.  10,  which  shows  the  phase  change  rate  at  a  detuning  of  10  nm  as 
a  function  of  the  measurement  temperature. 
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Our  experimental  measurements  show  that  the  large  phase  shift  can  be  obtained  at  least  up  to  120  K.  On  the  other  hand,  as 
discussed  in  the  introduction,  the  LT  splitting  energy  defines  the  polariton  stability  with  the  temperature.  The  GaAs 
quantum  well  gives  the  LT  splitting  energy  of  0.4  meV  [3],  which  implies  that  a  well  defined  polariton  exists  only  up  to  4.6 
K.  Accordingly,  the  critical  temperature  of  120  K  obtained  in  the  experiment  is  remarkably  higher  than  expected  from  this 
criterion.  Thus,  the  observed  large  critical  temperature  cannot  be  simply  explained  by  the  polariton  stability  as  defined  by 
the  LT  splitting  energy.  This  indicates  that  the  real  part  of  the  dielectric  constant  is  influenced  in  a  complex  manner  by  the 
polariton  effect. 

In  order  to  clarify  such  behavior,  we  studied  the  temperature  dependence  of  the  absorption  spectra.  Since  the  real  part  of  the 
dielectric  constant  relating  to  the  phase  change  is  connected  with  the  imaginary  part  relating  to  the  absorption  through  the 
Kramaers-Kronig  transform  [11],  the  absorption  data  provide  a  systematic  understanding  of  phase  change.  Figure  11  shows 
the  photocurrent  spectra  under  several  electric  fields  at  (a)  5.1  K,  (b)  80  K,  (c)  120K  and  (d)  160  K.  Here,  the  photocurrent 
spectra  roughly  represent  the  absorption  spectra.  When  the  electric  field  is  applied,  large  shift  of  the  absorption  edge  to 
longer  wavelength  is  clearly  seen  in  each  spectrum  as  a  result  of  the  quantum-confined  Stark  effect  (QCSE).  The  extent  of 
the  shifted  energy  is  about  0.06  eV  under  the  electric  field  of  3.4E5  V/cm  and  it  is  independent  of  temperature.  The 
significant  temperature  dependence,  which  may  be  related  to  the  observed  temperature  dependence  of  the  polariton  phase 
change,  does  not  appear  in  the  spectra:  not  in  shape,  oscillator  strength  nor  its  electric  field  dependence.  Therefore,  we 
expect  that  only  a  slight  change  of  absorption  edge  actually  influences  the  phase  shift.  Further  theoretical  and  experimental 
investigation  is  in  progress,  in  order  to  clarify  the  physical  origin  of  this  critical  temperature  of  120  K. 


SUMMARY 


We  investigated  the  temperature  dependence  of  the  polariton  phase  change  under  electric  field,  using  interferometric 
measurement.  The  phase  change  rate  at  a  lower  temperature  is  considerably  larger  than  that  at  a  higher  temperature.  This 
large  phase  change  rate  remains  up  to  120  K.  This  critical  temperature  is  much  higher  than  that  we  had  expected,  and  the 
physical  mechanism  is  not  clear  at  present.  Such  a  high  critical  temperature  indicates  a  possibility  of  a  polariton  device 
operation  at  a  relatively  high-temperature. 
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Fig.  1 1 .  Photo  current  spectrum  of  polariton  waveguide  under  the  electric  field  of  (i)  0,  (ii)  2.0  X  10^ 
V/cm  and  (iii)  3.4  X 10^  V/cm  at  various  temperatures. 
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Fig.  1.  Schematic  dispersion  relation  (energy  vs.  Fig.  Change  in  the  dispersion  curve  caused  by  the  shift  of 

wavevector)  of  an  exciton  poraliton.  the  resonant  wavelength.  The  gray  lines  indicate  the  modified 

dispersion  relation. 


Fig.  3.  Schematic  illustration  of  the  sample  for 
interferometric  measurement. 


Fig.  4.  Layer  structure  of  the  polariton  waveguide. 
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A  =790  nm 


Fig.  5.  The  calculated  field  profile  of  the  fundamental 
mode.  The  white  line  across  the  waveguide  indicates 
the  QW. 


Fig.  6  Phase  measurement  system  using  a  Mach-Zhender  interferometer 


(a)  vo!tage:off 


(b)  voltage:on 


Fig.  7.  The  example  of  the  interference  pattern  detected  with  a  CCD 
camera. 
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Fig.  8.  The  relation  between  V  n  and  detuning  wavelength.  Fig.  9.  Poraliton  phase  change  per  unit  voltage  under 

Open  and  closed  symbols  correspond  to  low  and  high  electric  field, 

temperatures,  respectively. 
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Fig.  10.  Temperature  dependence  of  the  polariton  phase  change  at  a  detuning  of  10  nm.  The 
solid  line  guides  the  eye. 
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ABSTRACT 

We  report  the  fabrication  and  characterization  of  the  n-type  InGaAIAs/InAlAs  multiple  quantum  well  structures,  lattice-matched 
to  InP ,  for  the  long  wavelength  infrared  detection.  It  is  found  that  strong  absorption  resulted  from  the  intersubband  transition  in 
the  quaternary  material  is  observable  and  the  wavelength  of  the  absorption  varies  with  the  well  width  while  the  barrier  width  is 
kept  unchanged.  Our  experimental  results  are  in  good  agreement  with  the  theoretical  estimation  based  on  simple  finite  barrier 
model  and  can  be  confirmed  by  the  photoluminescence  data. 

Keywords:  Intersubband  absorption.  Quantum  well  infrared  photodetector  (QWIP),  quaternary  semiconductor,  Long 
wavelength  infrared. 


1.  INTRODUCTION 

An  epitaxial  growth  of  InGaAlAs  quaternary  compound  at  lattice  match  with  InP  allows  an  opportunity  on  bandgap  engineering 
without  suffering  on  the  strain  effect.  The  growth  of  InGaAlAs  by  molecular  beam  epitaxy  (MBE)  is  relatively  easier  than  that  of 
InGaAsP  quaternary  compound  since  only  one  element  in  group  V  is  involved  and  the  three  elements  in  group  III  have  near 
unity  sticking  coefficients.  The  bandgap  of  the  latticed  matched  InGaAlAs  is  varied  from  0.74e  V  for  Ino.53Gao.47As  to  1 .46e  V  for 
Ino.52Alo.4sAs.  The  heterojunction  between  this  quaternary  compound  exhibits  the  bandgap  difference  up  to  0.72eV  and 
conduction  band  discontinuity  can  be  as  high  as  0.52eV  Moreover  this  quaternary  alloy  demonstrates  superior  electrical 
properties  than  that  of  AlGaAs/GaAs  such  as  higher  electron  mobility,  lower  electron  effective  mass  and  higher  electron 
saturation  velocity. 

Due  to  the  high  conduction-band  discontinuity  in  Ino.53Gao.47As/Ino.52Alo.4gAs  lattice  matched  multiple  quantum  well  (MQW),  it 
allows  a  much  shorter-wavelength  operation  than  that  in  direct-gap  of  GaAs/AlGaAs  quantum  well  infrared  photodetector 
(QWIP).  The  first  demonstration  of  intersubband  absorption  in  the  Ino.53Gao.47As/Ino.52Alo.4gAs  MQW  with  50^-  well  width 
showed  response  wavelength  peak  at  4.4pm.  Even  shorter-wavelength  absorption  at  3.5pm  was  further  developed  by 
engineering  the  barrier  to  localize  the  electron  wave  function  in  the  well  layer  at  energies  above  the  top  of  the  barrier  height 2. 

However,  an  alternative  long  wavelength  detector  of  the  quaternary  InGaAlAs  compound  has  also  a  great  interest  due  to  the 
merit  of  material.  The  QWIP  of  lattice  matched  n-doped  InGaAlAs! InP  system  was  demonstrated  with  AlAs  mole  fraction  of  0.0 
to  0.15  and  resulted  in  cutoff  wavelenghts  of  8.5  to  19.4pm  3.  The  typical  sample  of  0.10  AlAs  mole  fraction  can  achieve  the 
detectivity  of  3x1 08  cmHz^W1  with  cutoff  wavelength  of  13.3pm  at  77K. 

In  this  paper  the  n-type  MQW  structures  of  lattice  matched  Ino.53Alo.17Gao.3As/Ino.52Alo.4sAs  were  grown  on  InP  by  MBE  with 
varied  well  widths.  The  intersubband  absorption  of  the  samples  was  measured  on  the  mutipass  waveguide.  The  quantum 
confined  energy  levels  were  verified  by  photoluminescence  and  theoretical  calculation  of  finite  barrier  model. 


*  Correspondence:  Email:  edhzhang@ntu  .  edu ,  sg ;  Telephone:  65-7904841;  Fax:  65-7920415 


Part  of  the  SPIE  Conference  on  Photonics  Technology  into  the  21st  Century: 
Semiconductors,  Microstructures,  and  Nanostructures  •  Singapore  •  December  1999 
SPIE  Vol.  3899  •  0277-786X/99/$1 0.00 


2.  EXPERIMENTAL  DETAILS 


The  Ino.53Ak.17Gao.3As/Ino.52Alo.48As  MQW  structures  were  grown  on  semi-insulating  (100)  InP  substrates  in  a  solid  source  Riber 
MBE32  system.  The  InP  substrates  were  degassed  at  200°C  for  30mins  before  transfer  into  the  growth  chamber.  The  process  of 
native  oxide  desorption  under  arsenic  overpressure  was  monitored  by  reflection  high  energy  electron  diffraction  (RHEED).  The 
transition  from  two-fold  to  four-fold  pattern  was  observed  at  510°C.  The  crystalline  quality  effects  of  the  substrate  temperature 
on  the  growth  of  this  quaternary  compound  was  reported  in  Ref.  4  and  found  that  the  optimum  substrate  temperature  range  is 
from  510  to  530°C.  In  this  MQW  growth  the  substrate  temperature  was  maintained  at  510°C.  In  order  to  grow  this  lattice 
matched  quaternary  epitaxy  it  found  that  the  lattice  match  composition  was  relative  insensitive  to  V/III  flux  ratio,  however,  the 
optimum  flux  ratio  for  a  good  crystal  can  be  obtained  in  the  range  of  21-50  [2].  The  group  III  flux  was  chosen  by  considering 
the  lattice  matched  quaternary  InGaAlAs  as  a  superimposition  of  two  lattice  matched  ternary  compounds  Ino.53Gao.47As  and 
Ino.52Ak.48As.  Since  the  variation  of  aluminum  content  in  the  barrier  and  well  is  relatively  large  while  the  gallium  source  can  be 
close  and  open  for  the  barrier  and  well  layers,  the  aluminum  cell  temperature  was  required  to  modify  during  the  MQW  growth. 
Therefore  the  short  interrupt  time  of  70  seconds  was  adopted  between  the  growth  of  well  and  barrier  layers  to  accommodate  the 
temperature  difference  of  aluminum  cell. 


3000  A  Ino  ssGao  ^As  doped  cap-layer 
4000  A  Ino.52Alo.48As  undoped  barrier 
Ino53Alo.17Gao.3As  doped  well 

x30  MQWs 


Ino.53Alo.17Gao.3As  doped  well 
400  A  lno.52Ak.48As  undoped  barrier 
5000  A  Ino.52Alo.43As  doped  buffer 
Semi-insulating  InP  Substrate 


Fig.  1  Detail  structure  of  lattice  matched  Ino.53Alo.17Gao.3As/Ino.52Alo.4sAs  MQW  grown  on  InP  substrate.  Three  different  well  width 
of  86, 120  and  150 A  were  grown  on  three  samples  with  the  same  barrier  thickness  of 400 A.  All  doped  layers  are  doped  by  silicon  at 
5xl017cm"3. 


The  grown  MQW  structures  shown  in  Fig.  1  consist  of  30  periods  of  Ino.53Alo.17Gao.3As/Ino.52Ak.48As  MQW  on  top  of  a#  5000A 
thick  buffer  layer  of  Si-doped  lno.52Alo.4sAs.  The  thickness  of  undoped  Ino.52Alo.4sAs  barrier  layer  is  maintained  to  be  400A  for  all 
three  MQW  structures  while  the  thickness  of  Si-doped  Ino.53Ak.17Gao.3As  well  layer  is  varied  in  three  samples  which  are  86,  1 10 
and  120A.  The  3000 A  thick  cap-layer  of  Si-doped  Ino.53Gao.47As  was  also  grown  on  top  the  MQW  structures  for  further 
electrical  contact.  All  Si-doped  layers  are  doped  with  the  doping  concentration  of  5xlOncm'3. 
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Table  I.  The  response  peak  wavelength  and  spectrum  line-width  over  the  peak  wavelength  of  the  three  MBE  grown  lattice  matched 
Ino.53Alo.17Gao.pis/Ino.52Alo.48As  MQW  structures  with  the  varied  the  well  width 


Sample  Number 

Well  Width  (A) 

Peak  Wavelength  ( ^m ) 

AAAp(%) 

M662 

86 

9.7 

9.4 

M676 

120 

14.5 

12 

M677 

150 

17.4 

8 

Since  the  intersubband  absorption  is  relatively  weak  and  for  n-doped  MQW  it  occurs  only  for  some  component  of  light  incident 
parallel  to  the  interface,  the  multipass  waveguide  with  45  degree  fine  polished  is  required  to  enhance  the  measurement.  In  order 
to  shape  multipass  waveguide  firstly  the  samples  were  cut  into  12x9  mm2  and  polish  45  degree  at  two  opposite  edges.  Due  to  the 
internal  multiple  reflection  this  configuration  allows  multiple  absorption  of  the  MQW  layer  for  about  31  times  at  the  incidence 
angle  of  45  degree.  The  infrared  absorption  was  measured  by  Perkin  Elmer  Fourier  transform  infrared  spectrometer  model  2000 
which  has  the  wide  spectrum  range  of  1.28  to  27pm.  The  four-beam  condenser  was  utilized  to  focus  the  beam  to  the  45  degree 
polished  edge  at  the  right  angle  to  the  surface.  The  transmission  was  measured  carefully  and  make  sure  that  there  is  no  other  part 
of  the  light  pass  through.  The  transmission  was  normalized  with  the  background  transmission  of  pure  nitrogen  atmosphere  and 
the  absorption  component  originating  from  MQW  was  extracted  by  normalizing  with  the  absorption  of  the  bare  InP  substrate. 

In  order  to  investigate  the  energy  levels  in  the  MQW  structures,  the  photoluminescence  of  the  structures  was  examined  at  low 
temperature.  The  sample  was  placed  in  vacuum  chamber  in  the  closed  cycle  cryostat  to  enhance  the  radiative  recombination 
process.  The  samples  were  excited  by  514nm  argon  laser  beam  and  the  luminescence  light  was  diffracted  by  0.75  meter 
monochrometer  and  detected  by  liquid  nitrogen  cooled  germanium  detector.  In  order  to  increase  the  signal  to  noise  ratio  the 
excited  light  was  chopped  and  the  photoluminescence  signal  was  amplified  by  the  lock-in  amplifier  system.  At  4K  the 
photoluminescence  spectrum  of  the  MQW  structure  with  the  doped  cap-layer  exhibits  only  the  luminescence  peak  at  low  energy 
(lower  than  the  band  gap)  from  the  doped  layer.  This  is  due  to  the  cap-layer  is  thick  and  heavy  doped.  Therefore  before  the 
photoluminescence  investigation  of  the  MQW  structures  the  cap-layer  was  removed  by  wet  etching  by  mixture  of  4  H2SO4:  1 
H2O2: 35  H2O  which  for  our  material  system  provides  an  isotropic  etching  rate  of  about  35  A/sec. 

The  atomic  concentrations  in  the  well  and  barrier  layers  of  the  MQW  structures  were  also  determined  by  CAMECA  Secondary 
Ion  Mass  Spectrometer  (SIMS),  model  IMS-6f.  The  atomic  concentrations  of  all  three  cation  species  can  be  derived  from  the 
number  of  ion  at  certain  specific  ion  masses.  In  order  to  evaluate  the  variation  of  material  composition  within  multilayers  the 
cap-layer  were  partially  removed  by  wet  etching  and  atomic  concentrations  of  all  three  cation  species  as  a  function  of  layer 
thickness  were  examined  by  sputtering  through  the  MQW  samples. 


3.  RESULTS  AND  DISCUSSION 

In  order  to  verify  the  variation  of  the  structure  compositions,  the  material  composition  depth  profile  measured  by  SIMS  is 
illustrated  for  typical  samples  M676  in  Fig.  2.  The  depth-profiles  of  three  cation  species  including  the  peaks  of  27A1,  69Ga  and 
U5In  are  displayed  only  in  a  part  of  MQW  region  with  setting  relative  zero  sputtering  time.  Since  the  indium  content  in  both  well 
and  barrier  layer  material  are  almost  the  same  i.e.  mole  fraction  of  0.53  and  0.52,  respectively,  the  115In  profile  shows  slight 
variation  with  slight  higher  count  rate  in  the  well  region.  While  aluminum  mole  fraction  in  the  well  and  barrier  are  0. 1 7  and  0.48 
respectively  therefore  the  27A1  profile  is  low  in  the  well  region  and  high  in  the  barrier  region.  The  profile  of  the  69Ga  has 
relatively  large  variation  over  the  MQW  region  since  there  is  no  intended  gallium  in  the  barrier  layer  while  the  gallium  content 
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in  the  well  is  30  percent  of  the  cation.  Even  the  mole  fraction  difference  of  aluminum  and  gallium  in  the  well  and  barrier  regions 
is  approximately  equal,  the  variation  of  the  profile  in  the  logarithmic  scale  of  the  gallium  looks  more  significant  than  that  of  the 
aluminum  since  the  base  gallium  content  in  the  barrier  is  zero.  It  can  be  noticed  that  the  ®Ga  depth-profile  has  an  opposite  phase 
to  the  27A1  profile.  Although  the  well  and  barrier  were  intentionally  grown  with  the  abrupt  interface,  the  depth  profile  display  the 
smooth  change  due  to  the  surface  modification  by  sputtering  and  the  resolution  of  the  SIMS.  From  the  period  of  the  69Ga-peak 
profile  and  the  intentional  period  value  of  the  MQW  the  sputtering  rate  can  be  derived  approximate  1.7A/sec.  The  uniformity  of 
the  profile  period  can  show  the  equal  period  of  the  grown  MQW  structure. 


Fig.  2  Atomic  concentration  of  three  cations  (115In,  27 A1  and  69Ga)  as  a  fimction  of  the  sputtering  time  for  the  typical 
Ino.53Alo.nGao.3As/Ino.52Alo.4sAs  MQW  with  the  well  width  of  120A.  The  depth-profile  displays  only  a  part  of  the  MQW  region. 


The  infrared  absorption  of  three  MQW  structures  with  the  multipass  waveguide  at  room  temperature  is  shown  in  the  Fig.  3a. 
Only  the  absorption  peaks  related  to  transition  from  the  MQW  are  illustrated  where  the  background  peak  was  removed  by 
comparing  to  the  only  substrate  absorption  with  the  same  multipass  configuration.  The  absorption  peak  wavelength  and  the  peak 
width  are  also  given  in  the  Table  I  for  three  MQW  structures.  Since  the  well  is  n-doped  by  silicon  with  the  doping  concentration 
of  5xlOI7cm‘3  ad  estimated  Fermi  energy  level  lies  between  the  ground  and  first  excited  states,  the  absorption  showed  in  Fig.  3a. 
probably  originates  from  the  intersubband  absorption  between  the  ground  and  first  excited  states  in  MQW  of  the  conduction 
band.  The  peak  wavelength  corresponds  to  the  energy  difference  between  the  ground  and  first  excited  states  and  from  the 
measurement  it  increases  as  the  well  width  increases  because  the  energy  difference  is  smaller  when  the  well  is  wider.  Since  the 
spectrum  line-width  over  the  peak  wavelength  displayed  in  Table  I  for  all  three  MQW  structures  has  a  value  around  10  percent, 
this  indicates  that  all  the  absorption  peak  possibly  comes  from  the  bound-to-bound  transition 
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Wavelength  ( pm ) 


Fig.  3  a.)  Measured  intersubband  absorption  as  a  function  of  the  wavelength  of  three  Ino.53Alo.17Gao.yis/Ino.52Alo.48As  MQW 
structures  with  the  well  width  of  86,  120  and  150A.  b.)  Intersubband  transition  wavelength  from  theoretical  calculation  as  a 
function  of  the  well  width  represented  by  solid  line  and  the  measured  absorption  peak  wavelength  represented  by  rectangular 
symbol. 
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Transition  Energy  (  eV  ) 


Fig.  4  a.)  Photoluminescence  intensity  as  a  function  of  photon  energy  at  4K  for  three  Ino.53Alo.17Gao.3As/Ino.52Alo.48As  MQW  structures  with  the 
well  width  of  86,  120  and  150A.  b.)  Interband  transition  energy  from  theoretical  calculated  as  a  function  of  the  well  width  represented  by 
solid  line  and  the  measured  dominated  photoluminescence  energy  peak  represented  by  the  rectangular  symbol. 


The  origin  of  the  absorption  peak  was  also  verified  by  theoretical  calculation  based  on  simple  finite  barrier  model.  For  the 
MQW  wavefunction  calculation  the  mass  difference  in  well  and  barrier  layer  was  taken  into  account  then  the  continuity  of  the 
probability  current  with  different  masses  on  each  side  of  the  interface  was  employed  for  the  boundary  condition.  The  electron 
effective  mass  of  Ino.5sAloj7Gao.3As  was  used  the  linear  interpolation  between  the  known  value  of  the  lattice  matched  ternary 
compounds  of  Ino.52Ak.48As  and  Ino.53Gao.47As.  The  conduction  band  offset  was  derived  from  the  65  percent  of  the  energy  gap 
difference.  The  calculation  showed  that  there  are  at  least  two  bound  states  in  the  well  when  the  well  width  is  greater  than  80A. 
The  response  wavelength  is  evaluated  from  the  energy  difference  between  the  ground  and  first  excited  states  and  the  calculated 
result  is  plotted  as  a  function  of  the  well  width  and  represented  by  the  solid  line  in  Fig.  3b.  The  measured  values  also  shown  in 
Fig.  3b  by  the  rectangular  symbol  and  demonstrates  a  good  agreement  with  the  calculated  values. 

In  order  to  further  investigate  the  energy  levels  in  the  MQW  structures  the  samples  were  removed  the  cap-layer  and  measured 
the  photoluminescence.  The  photoluminescence  spectra  for  three  MQW  structures  at  temperature  of  4K  are  shown  in  Fig.  4a. 
The  spectra  exhibit  the  dominated  peak  at  1.09,  1.07,  and  1.06eV  for  the  MQW  with  well  width  of  86,  120  and  150A 
respectively.  The  dominated  peak  decreases  as  the  well  width  increases  and  possibly  originates  from  the  interband  transition 
between  the  ground  state  of  heavy-hole  band  to  ground  state  of  the  conduction  band.  This  is  also  confirmed  by  the  MQW 
calculation  of  both  valence  and  conduction  bands.  The  ground  bound  state  of  heavy  hole  was  estimated  by  the  similar 
calculation  of  the  single  electron  band  with  replacing  electron  effective  mass  and  conduction  band  offset  by  the  heavy  hole 
effective  mass  and  valence  band  offset.  The  transition  energy  was  determined  by  the  summation  of  the  ground  state  energy  of 
electron,  ground  state  energy  of  heavy  hole  and  energy  band  gap  of  the  well  material.  The  solid  line  in  Fig.  4b  shows  the 
transition  energy  as  a  function  of  the  well  width  and  the  rectangular  symbol  refers  to  the  measured  photoluminescence 
dominated  peak  energy.  From  the  figure  it  shows  that  the  measured  points  lie  slightly  above  the  calculated  lines.  This  may  be 
due  to  the  parameter  values  used  in  the  theoretical  calculation  is  slightly  shift  from  the  real  values  in  the  grown  MQW  structures. 

In  addition  to  the  photoluminescence  dominated  peak  exhibiting  at  a  high  energy,  the  broad  peak  also  appears  at  low  energy  for 
the  narrow  MQW  structure.  The  peak  energy  at  approximately  0.95eV  is  slightly  lower  than  the  energy  band  gap  of  the 
Ino.53Ak17Gao.3As  well  layer  therefore  the  low  energy  broaden  peak  most  likely  originates  from  the  doping  level  in  the  well  layer. 

4.  SUMMARY 

The  n-type  MQW  structures  of  lattice  matched  Ino.53Aloj7Gao.3As/Ino.52Ak.48As  were  grown  on  InP  by  MBE  with  well  width  of 
86,  120  and  150A.  The  intersubband  absorption  of  the  samples  exhibits  the  peak  wavelength  at  9.7,  14.5  and  17.4jim  with  the 
spectrum  line-width  over  the  peak  wavelength  of  about  10  percent.  The  peak  wavelengths  are  in  good  agreement  with  the 
theoretical  calculation  of  intersubband  transition  between  the  ground  and  first  excited  states.  The  calculated  energy  levels  were 
also  verified  by  photoluminescence  peak.  The  significant  intersubband  absorption  peaks  illustrated  that  these  MQW  structures 
are  of  great  potential  for  long  wavelength  detector  application. 


ACKNOWLEDGEMENT 

The  authors  would  like  to  thank  A/Prof.  W.G.  Zhu  and  Ms.  M.M.  Liu  for  their  support  in  the  absorption  measurements. 


189 


REFERENCES 


1.  M.Levinshtein,  S.Rumyantsev,  M.Shur,  Handbook  series  on  semiconductor  parameters:  volume  2  ternary  and  quaternary 
I1I-V  Compounds ,  World  Scientific,  Singapore,  1999. 

2.  B.F.Levin,  "Quantum-well  infrared  photodetectors, ”  J.  AppLPhys.  74,  pp.  R1-R81, 1993. 

3.  C.Jelen,  S.Slivken,  V.Guzman,  M.Razeghi,  and  G.J.Brown,  "InGaAlAs-InP  quantum  well  infrared  photodetectors  for  8-20pm 
wavelengths,"  IEEEJ.  Quantum  Electron.  34,  pp.  1873-1876, 1998. 

4.  S.F.Yoon,  P.H.Zhang,  H.Q.Zheng,  K.Radhakrishnan  and  S.Swaminathan,  "Substrate  temperature  effects  on  the  growth  of 
Inl-x-yGaxAlyAs  on  InP  substrates  by  molecular  beam  epitaxy,"  J.  Crystal  Growth  186,  pp.  315-321,  1998. 

5.  S.F.Yoon,  P.H.Zhang,  H.Q.Zheng,  and  K.Radhakrishnan,  "The  effects  of  arsenic  pressure  on  the  properties  of 
Inl-x-yGaxAlyAs  layers  grown  by  molecular  beam  epitaxy,"  J.  Crystal  Growth  191,  pp.  24-30, 1998. 


190 


Influence  of  (001)  vicinal  GaAs  substrates  on  the  optical  properties  of 
defects  in  low-temperature  grown  GaAs/AlGaAs  multiple  quantum  wells 

M.  H.  Zhang*,  Y.  F.  Zhang,  J.  M.  Sun,  Q.  Huang,  C.  L.  Bao,  J.  M.  Zhou 
Institute  of  Physics ,  Center  for  condensed  matter ,  Chinese  Academy  of  Sciences,  Beijing  100080 , 

People  ’s  Republic  of  China 


ABSTRACT 

Photoluminescence  (PL)  spectroscopy  and  carrier  lifetime  measurement  has  been  used  to  characterize  optical  properties  of 
defects  in  the  low-temperature  (LT)  grown  GaAs/AIGaAs  multiple  quantum  well  structures.  Two  sets  of  samples  were 
grown  at  400  °C  by  molecular  beam  epitaxy  on  nominal  (001)  and  miscut  (4°  off  (001)  towards  (1 1 1)  A)  GaAs  substrates, 
respectively.  After  growth,  samples  were  subjected  to  30  s  rapid  thermal  annealing  at  600-800  °C.  It  is  found  that  after 
annealing,  two  defect-related  PL  features  appear  in  the  samples  grown  on  miscut  (001)  GaAs  substrates,  but  not  in  those 
grown  on  nominal  (001)  GaAs  substrates.  The  carrier  lifetimes  are  about  31  and  5  ps  in  as-grown  samples  grown  on 
nominal  and  miscut  (001)  GaAs  substrates,  respectively.  Optical  transient  current  spectroscopy  show  different  types  of 
deep  levels  and  their  dependence  on  the  annealing  temperature.  We  found  larger  excitonic  electroabsorption  and  stronger 
photorefractive  effect  in  samples  grown  on  miscut  substrates. 

Keywords:  Low-temperature  grown  GaAs,  deep-levels,  photorefractive  effect 

1.  INTRODUCTION 

Recently,  the  low-temperature  (LT)  growth  of  photorefractive  GaAs/AIGaAs  multiple  quantum  well  (MQW)  structures  has 
been  demonstrated.  13  The  photorefractive  devices  fabricated  by  these  MQW  structures  combine  the  advantages  of  large 
excitonic  electroabsorption  with  ultrafast  lifetimes.  LT  growth  can  incorporate  a  great  number  of  defects  (due  to  excess  As) 
into  materials,  leading  to  very  short  carrier  lifetimes.  4’ 5  Thus,  the  control  of  concentrations  and  types  of  defects  in  LT 
grown  materials  is  very  important  to  the  performance  of  photorefractive  MQW  devices. 

The  properties  of  defects  in  LT-GaAs  grown  at  200-400  °C  have  been  studied  extensively.  The  dominant  defects  are  As 
antisites  (AsGa),  as  has  been  verified  by  deep-level  transient  spectroscopy  and  other  measurements. 6  After  annealing,  excess 
As  atoms  group  together  to  form  As  clusters.  A  great  number  of  As  antisites  or  clusters  can  change  electrical  and  optica! 
properties  of  GaAs  strongly,  for  example,  high  resistivity  and  ultrafast  carrier  lifetimes  in  LT-GaAs.  7  There  are  several 
factors  to  influence  the  properties  of  defects  in  LT  grown  GaAs.  Among  them,  the  substrate  temperature, 8  the  As4/Ga  beam 
equivalent  pressure  (BEP)  ratio, 9  and  the  doping-level  10  have  been  explored.  However,  to  our  knowledge,  the  effect  of  the 
miscuts  of  (001)  GaAs  substrates  has  not  been  investigated  yet.  At  normal  temperatures,  the  miscut  (001)  GaAs  substrates 
give  a  step-flow  growth  mode,  which  is  different  from  the  nucleation  growth  mode  on  nominal  (001)  substrates.  It  is  well 
known  that  the  growth  of  In  As  quantum  dots  on  two  kinds  of  GaAs  substrates  is  very  different.  11  We  speculate  that  at  low 
growth  temperatures,  the  structures  of  defects  incorporated  into  materials  on  two  kinds  of  substrates  may  be  different,  too. 
This  consideration  leads  us  to  study  the  LT  growth  of  photorefractive  GaAs/AIGaAs  MQW  structures  on  vicinal  substrates. 

Because  the  properties  of  the  samples  among  the  same  set  are  similar,  here  we  only  give  the  results  of  two  samples.  Sample 
A  and  B  with  the  same  structure  were  grown  at  400  °C  on  the  nominal  and  miscut  (4° off  (001)  towards  (1 1 1)  A)  (001 )  GaAs 
substrates,  respectively.  During  LT  growth,  an  As4/Ga  BEP  ratio  of  about  10  was  used.  The  growth  sequence  consisted  of  1 
jam  GaAs  buffer  layer,  50  nm  AlAs  layer,  150  nin  Al03Ga07As  layer,  and  a  100-period  GaAs/Al03Ga07As  MQW  structure. 
The  AlGaAs  barrier  layer  in  the  MQW  structure  was  4  nm  in  thickness,  and  the  GaAs  well  layer  was  7.5  nm.  The  two 
cladding  AlGaAs  layers  and  the  MQW  s  were  grown  at  400  °C,  while  other  layers  grown  at  normal  temperatures.  After 
epitaxial  growth,  the  wafers  were  cleaved  into  small  pieces,  and  each  piece  was  subjected  to  30  s  rapid  thermal  annealing 
(RTA)  at  600-800  °C.  To  prevent  As  loss  from  the  surface,  each  piece  of  sample  was  capped  by  a  piece  of  GaAs  substrate. 
Some  annealed  samples  were  cleaved  further  into  0.5  cm  x  0.5  cm  pieces  to  measure  photoluminescence  (PL)  spectra  and 
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carrier  lifetimes.  The  epi-layers  in  other  annealed  samples  were  first  removed  from  GaAs  substrates  by  the  lift-off  in  a  dilute 
hydrofluoric  acid,  and  then  Van  der  Waals  bonded  to  a  glass  slide.  Finally  two  gold  contacts  with  a  spacing  of  1  mm  were 
deposited  on  the  surfaces  of  the  epi-layers  by  evaporation.  Such  fabricated  samples  were  used  to  measure  resistivity, 
transmission  spectra  and  photorefractive  properties  under  Frantz-Keldysh  geometry.  12 

2.EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 

Fig.  1  (a)  and  (b)  show  PL  spectra  of  sample  A  and  B,  respectively.  All  measurements  were  carried  out  at  77  K.  It  can  be 
seen  that  the  intensities  of  the  band-edge  PL  for  both  of  samples  increase  with  annealing  temperature.  For  sample  A,  two 
additional  PL  features  appear  at  the  lower  energy  side  of  the  peak  of  the  band-edge  PL  peak  in  the  600  and  700  “C-annealed 
pieces  and  disappear  in  the  800  °C-annealed  piece.  For  sample  B,  these  additional  PL  features  can  not  be  observed  in  all 
annealed  pieces.  It  is  a  common  phenomenon,  which  we  also  have  observed  in  other  samples.  Therefore  the  difference  of 
PL  spectra  is  caused  only  by  the  different  miscuts  of  (001)  GaAs  substrates.  In  the  600  °C-annealed  piece  of  sample  A,  the 
band-edge  PL  peak,  corresponding  to  the  heavy-hole  excitonic  transition,  is  at  790  nm  and  the  peaks  of  two  additional  PL 
features  are  at  794  and  797  nm,  respectively.  The  energy  differences  between  the  excitonic  PL  peak  and  these  two  additional 
PL  peaks  are  8  and  14  meV,  respectively.  An  effective  mass  calculation  shows  that  in  a  7.5  nm  GaAs  quantum  well  with 
Al0  3Ga07As  barrier  at  the  same  temperature,  one-monolayer  fluctuation  in  the  well  width  only  causes  a  3  meV  shift  of  the 
PL  peak  of  the  heavy-hole  excitonic  transition.  Therefore  the  present  observed  additional  PL  features  in  sample  A  only 
could  be  ascribed  to  annealing-generated  shallow  defects.  We  will  refer  to  these  PL  features  as  the  defect-related  PL 
features  in  the  following. 


Wavelength  (nm) 


Fig.  1  Photoluminescence  spectra  measured  at  77  K:  (a)  sample  A,  (b)  sample  B.  The  samples  were  subjected  to 
rapid  thermal  annealing  at  600-800  °C  for  30  s. 


Fig  2  reports  the  resistivity  dependence  on  annealing  temperature  for  both  sample  A  and  B.  For  sample  A,  the  resistivity  of 
the  as-grown  sample  is  2.0  x  108  Q  •  cm.  After  annealing,  it  drops  quickly  to  a  very  small  value.  The  resistivity  of  the  800 
lC-annealed  piece  is  only  14  Q  •  cm.  While  for  sample  B,  the  resistivity  of  the  as-grown  piece  is  6.3  x  10“  Q  •  cm.  It  drops 
slowly  with  the  annealing  temperature.  The  resistivity  of  the  800  0C-annealed  piece  is  still  5  x  10?  Q  •  cm.  The  hiah 
resistivities  of  sample  A  and  B  before  annealing  are  caused  by  AsGa-!ike  defects,  which  were  incorporated  into  epitaxial 
layers  during  LT  growth.  After  annealing,  the  atoms  of  excess  As  group  together  to  form  As  clusters.  Here  we  observed  also 
another  transformation  channel  of  AsCa-like  defects  in  Fig.  I  (a),  which  shows  that  two  shallow  defects  are  generated  in 
annealed  sample  A.  Hall  measurement  shows  that  its  800  “C-annealed  piece  is  «-type,  indicating  that  the  shallow  defects  are 
donors.  We  propose  that  the  structures  of  the  As0a-like  defects  in  two  samples  be  different,  which  may  be  the  reason  of 
different  annealing  temperature  dependence  of  PL  spectra. 
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Fig.2  The  resistivities  of  sample  A  and  B  versus  the  annealing  temperature. 


Fig.3  Carrier  lifetimes  measured  by  a  pump-probe  technique  at  room  temperature  and  under 
the  reflection  geometry.  Curve  (a)  and  (b)  are  for  as-grown  and  700  0  C-annealed  sample  A, 
respectively;  curve  (c)  and  (d)  are  for  as-grown  and  700  0  C-annealed  sample  B,  respectively. 


The  carrier  lifetimes  of  two  samples,  shown  in  Fig.  3,  were  measured  at  room  temperature  and  under  the  reflection  geometry 
by  a  pump-probe  technique.  A  lOOfs  Ti:  sapphire  laser  chopped  at  a  rate  of  3.8  kHz  was  used  and  tuned  at  820  nm,  which  is 
slightly  above  heavy-hole  exciton  energies  of  sample  A  at  834  nm  and  sample  B  at  836  nm,  respectively.  From  Fig.2,  it  can 
be  deduced  that  the  concentration  of  defects  in  sample  A  should  be  larger  than  that  in  sample  B  before  annealing.  If  the 
structures  of  AsGa-like  defects  in  two  samples  are  the  same,  the  carrier  lifetime  in  sample  A  must  be  shorter  than  that  in 
sample  B  before  annealing.  However,  Fig.3  shows  it  is  not  the  case.  The  carrier  lifetimes  in  as-grown  sample  A  and  B  are 
31  and  5  ps,  respectively.  In  addition,  the  pump-probe  signal  in  sample  A  persists  even  at  tong  delay  time.  Therefore  we 
have  the  conclusion  that  the  structures  of  AsGa-like  defects  in  two  samples  are  indeed  different.  Fig.3  also  shows  that  after 
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annealing  at  700  °C,  the  carrier  lifetimes  in  both  of  samples  become  longer,  which  are  88  ps  in  sample  A  and  128  ps  in 
sample  B,  respectively. 

In  order  to  identify  deep  levels  in  sample  A  and  B,  we  have  performed  the  measurement  of  optical  transient  current 
spectroscopy  (OTCS).  In  order  to  make  electrodes  contact  the  quantum  well  region  easily,  the  upper  AlGaAs  cladding 
layers  were  etched.  It  was  found  that  before  etching,  the  OTCS  signals  from  deep  levels  in  quantum  well  region  were  very 
weak,  but  the  deep  level  (the  activation  energy  is  l.OeV)  from  the  AlGaAs  cladding  layer  can  measured  easily.  Because 
deep  levels  in  AlGaAs  layer  have  little  influence  on  the  photorefractive  effect  under  Frantz-Keidysh  geometry,  so  we  focus 
our  attention  on  deep  levels  from  the  quantum  well  region.  Fig.4  (a)  and  (b)  show  deep  levels  in  etched  sample  A  and  B 
after  annealing  at  different  temperatures.  In  the  as-grown  sample  A,  there  is  only  deep  level  with  the  activation  energy  of 
0.66eV.  After  annealing,  this  deep  level  disappears.  In  the  600°C-  and  650°C-annealed  sample  A,  the  deep  levels  have  the 
activation  energies  of  0.15  and  0.1  eV,  respectively.  For  samples  annealed  at  higher  temperatures,  we  have  not  performed 
the  measurement  due  to  low  resistivity.  In  the  as-grown  sample  B,  there  are  three  deep  levels  with  the  activation  energies  at 
0.68,  0.25,  and  0.22eV,  respectively.  Up  to  the  annealing  temperature  of  650°C,  these  three  deep  levels  are  stable.  At  the 
annealing  temperature  of  700°C,  a  new  deep  level  with  the  activation  energy  of  0.1 9  eV  appears.  It  means  that  deep  levels  in 
sample  B  are  more  stable  than  those  in  sample  A  against  annealing.  Before  annealing,  both  the  deep  level  at  0.66eV  in 
sample  A  and  that  at  0.68  eV  in  sample  B  have  the  activation  energy  comparable  to  the  reported  value  of  AsCa  defect.6  On 
the  other  hand,  the  peak-temperatures  of  OTCS  signals  are  different  at  the  same  rate  window.  According  to  the  theory  of 
deep  levels,  these  two  deep  levels  have  different  capture  cross-sections.  We  also  have  observed  stronger  electroabsorption 
and  photorefractive  effect  in  as-grown  sample  B.  Detail  results  will  be  reported  elsewhere.13 
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Fig.4  Deep  levels  in  sample  A  and  B  versus  annealing  temperature. 


3.  CONCLUSIONS 

In  summary,  PL  spectroscopy  and  carrier  lifetime  measurement  has  been  used  to  characterize  optical  properties  of  defects  in 
LT  gtown  GaAs/AlGaAs  MQW  structuies.  It  is  found  that  the  structures  of  As^-like  defects  in  samples  grown  on  nominal 
and  miscut  (001)  GaAs  substrates  are  different.  After  weak  annealing,  two  defect-related  PL  features  appear  in  samples 
grown  on  nominal  (001)  substrates,  but  not  in  those  grown  on  miscut  (001)  substrates.  We  also  find  different  carrier  life 
times  and  deep  levels  in  two  samples.  Our  measurement  shows  that  in  comparison  with  samples  grown  nominal  (00 1 )  GaAs 
substrates,  the  as-grown  samples  grown  on  miscut  (001)  GaAs  substrates  have  shorter  carrier  lifetime  and  stronger 
photorefractive  effect. 
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ABSTRACT 

In  this  paper  a  rigourous  quantum  mechanical  multi-valley  model  is  developed  to  assess  the  optical  equivalent  of  the  electrical 
Gunn  effect:  a  laser  beam  pumps  free  electrons  from  the  central  conduction  band  valley  of  n-doped  bulk  GaAs  towards  its 
satellite  valleys.  The  computational  complexities  involve  a  central  fully  nonparabolic  degenerated  F- valley,  an  anisotropic  L- 
vailey  of  arbitrary  degeneracy,  impurity  assisted,  thermal  and  hot  polar  optical  phonon  assisted  intravalley  absorption 
mechanisms,  and  intervalley  phonon  assisted  equivalent  and  nonequivalent  intervalley  absorption  machanisms.  The  influences 
of  the  doping  concentration,  electron  temperature,  optical  power  density  and  the  equivalent  LL-intervalley  deformation 
potential  (IDP)  on  the  magnitude  and  relaxation  time  of  the  optical  Gunn  effect  are  discussed  and  compared  with 
experimental  results.  We  found  that  the  optically  induced  nonlinear  absorption  and  intervalley  transfer  strongly  depend  on  the 
equivalent  LL-IDP.  The  large  scattering  on  the  available  data  for  LL-IDP  (0.12  upto  l.OxloVVcm"1)  leads  to  large  variations 
in  the  theoretical  estimations.  Under  optimal  plasma  resonance  conditions  (X=10.6pm,  N=  7xl018cm"3)  we  find  an  energy 
relaxation  time  in  the  L-valley  of  about  0.3  to  2.2  ps,  a  nonlinear  refractive  index  n2  of  about  2.7  to  3.75xl0'8  lcm2fW  and  e.g. 
a  10%  electron  transfer  of  about  1.8  to  3.2  MWcm'2. 

Keywords:  Gunn  effect,  GaAs,  intervalley,  nonparabolicity,  optical  nonlinearity,  free  electron,  L-valley 

1.INTRODUCTION 

In  a  semiconductor  such  as  n-GaAs,  the  separation  between  the  central  F1  valley  and  the  satellite  L-valley  of  the  conduction 
band  is  appropriate  to  repopulate  the  valleys  by  optically  heating  the  free  carriers  with  a  short  and  powerful  mid-  or  far 
infrared  light  pulse  1,2>3.  Because  the  conduction  band  shapes,  the  optical  effective  masses  and  the  scattering  probabilities  of 
the  free  electrons  in  the  two  valleys  are  quite  different,  the  population  modulation  induces  changes  in  the  dielectric  function, 
expressed  by  the  Drude  relation,  and  hence  an  optical  nonlinearity.  This  can  be  considered  as  the  optical  equivalent  of  the 
Gunn  effect  4.  One  fundamental  difference  is  that  the  electrical  Gunn  effect  is  practical  only  possible  in  lightly  doped 
semiconductors,  whereas  the  optical  equivalent  is  mostly  pronounced  for  highly  doped  samples.  The  optical  heating  promotes 
carriers  to  higher  states  of  the  central  valley  (=  intravalley  transitions)  and  induces  transitions  to  the  satellite  valleys  (= 
nonequivalent  intervalley  transitions).  The  L-valley,  consisting  of  four  sub  valleys  also  allows  carrier  jumps  from  one  to 
another  valley  (^equivalent  intervalley  transitions).  The  heating  of  the  carriers  is  most  effective  when  light  absorption  is 
substantial.  This  can  be  effectuated  by  matching  the  frequency  of  the  incident  light  with  the  plasma  frequency  of  the  multi¬ 
valley  semiconductor.  Such  resonance  condition  can  be  fulfilled  for  the  standard  10.6  pm  wavelength  of  a  C02  laser  for  a 
doping  concentration  of  7xl018  cm“3  in  GaAs  5.  The  aim  of  this  paper  is  to  develop  a  more  fundamental  theory  of  the  optical 
Gunn  effect  and  to  estimate  its  implications  on  the  involved  optical  nonlinearities.  The  nonlinearity  is  well  understood,  but  too 
many  sacrifices  have  been  made  to  derive  some  general  analytic  formulas.  A  rigid  theory  describing  the  nonlinearities  in  a 
fundamental  way  is  lacking  due  to  the  involved  computational  complications.  More  in  particular,  by  focussing  on  the 
nonlinearities  related  to  the  band  structure  non-parabolicity  and  intervalley  transfers,  we  found  out  step  by  step  6,7  that 
conclusions  drawn  from  approximative  theories  are  not  always  correct  when  higher  order  corrections  are  introduced.  In 
previous  papers  we  proved  that  the  nonlinear  and  even  linear  absorption  in  single  valley  approximations  of  nonparabolic 
semiconductors,  if  not  rigorously  treated,  can  lead  to  severe  mistakes  up  to  100%.  In  this  paper  we  extend  our  previously 
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proposed  multi-valley  model  to  a  more  elaborated  model  in  order  to  fully  estimate  the  influence  of  the  redistribution  of  the 
carriers  between  various  extrema.  Not  much  attention  was  paid  before  to  the  satellite  valleys.  In  earlier  efforts,  the  L-valley  is 
only  described  by  a  too  crude  parabolic  and  isotropic  model  8.  An  important  parameter  in  intervalley  transfer  devices  is  the 
intervalley  deformation  potential  between  equivalent  L-valleys.  However,  experimental  data  found  in  literature  for  this 
deformation  potential  typically  scatter  over  one  order  of  magnitude9.  The  parameter  value  evaluation  from  experiments  is 
usually  difficult,  controversial  and  inconsistent  (e.g.  normalisation  factors).  The  paper  is  subdivided  in  the  following  sections. 
First  we  describe  the  modellisation  used  to  calculate  the  free  electron  absorption  coefficient.  The  intravalley  and  intervalley 
absorption  contributions  will  be  crearly  distinguished  in  each  valley.  In  the  next  section  we  derive  the  intensity  dependent 
dielectric  permittivity  function.  Afterwards,  in  section  4  numerical  results  are  revealed  and  discussed.  Comparison  with 
experimental  data  are  presented.  The  final  conclusions  are  drawn  in  section  5. 

2.  CALCULATION  OF  THE  FREE  ELECTRON  ABSORPTION  COEFFICIENT 


To  treat  the  effect  of  the  absorption  of  electromagnetic  waves  by  free  electrons  in  GaAs,  we  use  a  quantum 
mechanical  approach.  At  medium  infrared  (IR)  wavelengths  electron  transitions  from  the  valence  to  the  conduction  band  in 
GaAs  are  excluded  so  that  we  only  need  to  take  into  account  free  electron  absorption.  As  it  is  well  known  free  electrons  can 
absorb  photons  only  by  interacting  with  third  particles  such  as  optical  or  acoustic  phonons,  impurities  or  other  imperfections 
(see,  for  example  Ref.  6,8,10,11).  Absorption  by  hot  T-valley  electrons  in  nonparabolic  III-V  semiconductors  was  studied 
before  12  taking  into  account  only  one  T-valley  of  the  semiconductor  conduction  band.  In  this  paper  we  take  into  account  the 
distribution  of  conduction  electrons  between  the  nonparabolic  T-  and  the  ellipsoidal  L-valleys  and  consider  absorption 
mechanisms  connected  with  electron  transitions  between  equivalent  and  nonequivalent  valley  energy  minima.  At  medium 
infrared  wavelengths  we  can  neglect  the  small  contribution  of  X- valley  electrons.  The  contribution  of  T  -L  transitions  in  the 
absorption  coefficient  was  already  considered  8,10  in  the  suggestion  of  an  isotropic  L-valley.  As  the  L-valley  of  GaAs  is 
represented  by  4  strongly  anisotropic  energy  minima  it  is  not  clear  if  the  isotropic  approximation  can  be  used  for  calculation 
of  the  contribution  of  T-L  transitions  in  the  absorption  coefficient. 

In  the  T-valley  we  take  into  account  free  electron  intravalley  absorption  mechanisms  assisted  by  (hot)  polar  optical 
phonons  and  impurities  and  intervalley  absorption  mechanisms  assisted  by  intervalley  phonons  resulting  in  electron 
transitions  from  the  T-  to  the  L-valley.  In  the  L-valley  we  take  into  account  besides  the  intravalley  and  intervalley  absorption 
mechanisms  existing  in  the  T-valley,  an  additional  absorption  mechanism  connected  with  L-valley  electron  transitions 
between  equivalent  L  energy  minima.  We  neglect  the  small  contributions  due  to  electron  interactions  with  acoustic  and  non¬ 
polar  optical  phonons.  To  calculate  the  absorption  coefficient  we  use  an  approach  described  in  detail  in  ref 6.  In  this  paper  we 
illustrate  only  the  main  results  of  our  calculations. 

By  using  Drude’s  model  we  can  write  down  the  expression  for  the  dielectric  permittivity  £e  at  medium  infrared 


wavelength: 
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■ ,  Hr  L  and  mr  L  are  respectively  the  plasma  frequency,  the  electron  concentration  and  optical 


effective  mass  of  the  T~  and  L-valley,  (0  is  the  frequency  of  the  incident  electromagnetic  wave,  e  is  the  electron  charge,  Ej  is 
the  permittivity  of  undoped  GaAs  at  medium  infrared  wavelengths.  The  values  Tr  L  are  directly  connected  with  the  absorption 


coefficients  by  T-  and  L-valley  electrons  and  can  be  determined  as  follows: 
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The  values  f3r  L  which  can  be  interpreted  as  temporal  absorption  coefficients  are  defined  as  follows: 

Pr  =  £(f£X,  +  KA  +  +  prl D?  +  D? ) 
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These  Pr^-values  consist  of  several  contributions.  Every  contribution  is  defined  as  the  product  of  the  transition  probility  P 
and  the  supply  of  electrons  and  scattering  centres.  As  as  matter  of  example  we  give  the  full  expression  for  the  optical  phonon 
assited  absorption  mechanism. 
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is  the  electron  distribution  function,  riq  ,  0)o  are  the  distribution  function  and  frequency  of  the  polar  optical  phonons 

/v 

accordingly,  H  e_op  is  the  operator  of  electron-polar  optical  phonon  interaction,  p,  q  are  the  wave  vectors  of  electrons  and 

r  l 

phonons,  the  subscript  1  indicates  the  final  state  of  the  electron  wave  vector,  £p  '  is  the  electron  energy  in  T  and  L  energy 
minima,  <5-^-+-  is  the  Kronecker  symbol.  For  the  other  absorption  mechanisms  similar  expressions  can  be  derived.  The 
terms  containing  Pj~L.  describe  intervalley  transitions  of  L-electrons  between  different  equivalent  energy  minima  ( Lt  and 
Lj )  and  the  terms  P^L  ,  Pj~ r  describe  intervalley  transitions  between  nonequivalent  T  and  Lt  energy  minima.  The  terms 
containing  Pqp  L.  ,  PimPiL  describe  intra valley  transitions  of  L-electrons  within  the  same  energy  minimum.  Expressions  for 
Pop,  1^  ’  ^ imp, are  the  same  as  the  equations  (6)  with  the  substitution  F  Lr  Expressions  (1,2)  can  be  used  when 
Im  Ee  «  Re  £ € ,  in  particular,  if  (OTr  L  »  1 . 

The  total  absorption  coefficient  CCe  by  T  and  L-electrons  is  given  by  the  following  expression: 


=  2-LnJ^a- 
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whereby  C  is  the  velocity  of  light. 

In  this  paper  we  suggest  that  the  electron  distribution  functions  of  both  T  and  L-electrons  can  be  described  by  the 
Fermi-Dirac  function  with  a  single  electron  temperature.  For  highly  n-doped  semiconductors  electron-electron  collisions  are 
dominant.  Hence  this  suggestion  is  justified.  To  proceed  with  the  calculations  we  also  have  to  know  the  dependencies  of  the 
electron  energy  spectrum  in  both  valleys.  For  the  L-valley  we  use  the  usual  approximation  of  ellipsoidal  energy  minimum.  For 
the  nonparabolic  T-valley  we  use  the  following  approximate  analytical  expression  (see,  for  example  ref 13 ): 


Eg  2 a  ti2p 2 

£p=7r(J1+^ — ~~1}  (8) 

2a  y  Eg  m0 

Here  £ p  is  the  electron  energy  as  a  function  of  wave  vector,  Eg  is  the  forbidden  gap  energy,  m0  is  the  effective  mass  of  the 
electrons  near  the  bottom  of  the  conduction  band  (T-valley),  CX  is  the  parameter  of  conduction  band  nonparabolicity. 

Using  the  condition  nr  +  nL  =  n0  ( n0  is  the  total  electron  concentration)  together  with  exps.(8)  we  find  the 
following  equation  for  Fermi  level  fi  of  the  conduction  electrons: 
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where:  Nejr  =  2(^)^ ,  Vc>i  =  2(^)^ ,  md  =  N^mrf  ,  x  =  ,  T  =  kt ,  f  is 

electron  temperature  in  Kelvin  degrees,  &  is  Boltzmann’s  constant,  AT  is  the  number  of  equivalent  energy  minima  in  the  L- 
valley  (N=4),  ml,mt  are  the  longitudinal  and  transverse  effective  masses  of  the  electrons  in  an  ellipsoidal  L-minimum, 

A  r_L  is  the  energy  separation  between  the  minima  of  the  T  and  L- valley.  The  optical  effective  mass  of  L  -electrons  mL  is 
given  by  the  known  expression:  (mL )_1  =  1  / 3(m/_1  +  2 m~l )  ,  such  that  mL  ~  0. 1 1  m  (m  is  the  free  electron  mass).  The 
expression  used  for  the  optical  effective  mass  of  the  T  -electrons  is  derived  in  ref 12 . 


2.1  Absorption  of  electromagnetic  waves  by  T-valley  electrons. 


The  absorption  mechanism  in  the  T-valley  can  be  subdivided  between  intravalley  and  intervalley  ones.  The  main 
intravalley  mechanisms  in  highly  doped  n-GaAs  are  connected  with  T-electron  interactions  with  impurities  and  polar  optical 
phonons.  For  electron-polar  optical  phonon  interaction  the  value  Cop  can  be  written  down  as  follows: 
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Here  rop  is  the  screening  length  of  the  electron-optical  phonon  interaction  potential,  is  the  overlap  integral  of  Bloch 

periodic  wave  functions  between  electron  states  |  p)  and  |  p  ±  qj  .  In  a  parabolic  valley  the  overlap  integral  is  equal  to  1,  but 
for  non-parabolic  valleys  the  value  of  is  less  than  one  and  generally  must  be  taken  into  account.  This  problem  was 

already  studied  in  other  papers  6,13,!4.  For  the  electron-impurity  interaction  a  resembling  value  of  Cimp  is  given  by  the 
expression 
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where  rimp  is  the  screening  length  for  the  electron-impurity  interaction,  £s  is  the  static  dielectric  permittivity  of  the 
semiconductor  lattice,  ni  and  ze  are  the  concentration  and  charge  of  the  impurity  centers,  respectively  and  G^+-  is  the 

proper  overlap  integral  for  the  electron-impurity  interaction.  The  value  ni  can  be  corrected  when  it  is  necessary  for  a  doping 
compensation  factor.  These  intravalley  mechanisms  were  studied  in  the  paper  6  for  a  nonparabolic  T-valley.  In  that  paper 
general  expressions  were  deduced  for  the  value  of  Tr  for  the  cases  of  absorption  processes  assisted  by  polar  optical  phonons 
(including  the  influence  of  the  hot  optical  phonon  effect),  impurities  and  acoustical  phonons  (contribution  of  the  last 
mechanism  was  shown  to  be  very  small).  The  general  expressions  are  given  by  formulae  (23,  37,  48)  of  that  paper  6.  These 
expressions  are  too  cumbersome  to  be  written  down  in  this  paper. 

To  calculate  the  absorption  coefficient  assisted  by  polar  optical  phonons  and  impurities  we  have  to  know  the  optical 
phonon  distribution  function  and  associated  screening  lengths  of  the  interaction  potentials.  As  both  T-and  L- valley  electron 
contribute  to  these  values  we  discuss  this  problem  in  the  next  part  of  the  paper.  For  the  electron-intervalley  phonon  interaction 
the  value  CTL  can  be  written  down  as  follows: 

^  7TA2r, 
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where  ArL  is  the  constant  of  intervalley  T-L  deformation  potential,  p  is  a  crystal  density. 
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The  contribution  of  T-L  intervalley  transitions  is  described  by  the  last  2  terms  in  Exp. (3).  We  denote  the  contribution 
of  these  terms  in  the  value  of  Tr  as  ZT-l  .  To  calculate  Tr_L  we  suggest  that  in  the  main  region  of  integration  the  constant  of 
intervalley  deformation  potential  is  independent  of  the  electron  wave  vector.  With  the  help  of  this  approximation  we  derived 
expressions  for  Tr_L 

1  _2N  cVN  cLATLmr  Q 

- — - Pyl  (13) 

rr_L  3m0nrhcorLcop 


The  effect  of  the  nonparabolicity  of  the  T-valley  is  camouflaged  in  the  PrL-value.  As  the  intervalley  phonon  wave  vector  is 
very  large  (of  the  order  of  the  reciprocal  lattice  vector)  we  neglect  the  screening  effect  of  the  electron-intervalley  interaction 
potential.  We  see  that  the  value  tr_L  depends  on  both  the  density  ( md )  and  the  optical  {mL )  effective  masses  of  L- 

electrons.  The  difference  between  these  values  is  tremendous  ( md  =  5 mL )  and  the  use  of  an  isotropic  L-  valley 
approximation  is  totally  unjustified. 

2.2  Absorption  of  electromagnetic  waves  by  L-valley  electrons. 


The  L-valley  of  GaAs  consists  of  4  equivalent  anisotropic  (ellipsoidal)  energy  minima  at  the  symmetry 

rfl  1  1115 

point L  .  The  absorption  mechanisms  in  the  L-valley  are  principally  the  same  as  in  T-valley  and  can  also  be 


subdivided  between  intravalley  and  intervalley  ones.  The  main  intravalley  mechanism  for  highly  doped  GaAs  can  be 
attributed  to  the  electron  interaction  with  impurities  and  optical  phonons.  We  suggest  that  the  value  Cop  for  the  electron- 

optical  phonon  interaction  in  the  L-valley  is  the  same  as  for  F-electrons  and  is  given  by  exp.(10).  Rigourously  speaking  it  is 
also  necessary  to  take  into  account  the  overlap  integrals  for  the  L-electron  wave  functions  I3,14,16,  but  for  estimations  we 
suggest  that  these  overlap  integrals  are  equal  to  1.  The  L-electrons  also  interact  with  non-polar  optical  phonons  but  the 
contribution  of  this  mechanism  is  very  small  and  can  be  neglected.  We  also  neglect  the  contribution  of  the  L-electrons 
intravalley  interaction  with  acoustic  phonons.  Hence  to  calculate  the  absorption  coefficient  assisted  by  intravalley  transitions 
of  L-electrons  we  take  into  account  the  first  3  terms  in  the  Exp.(4).  Expressions  for  Top  L  and  Timp  L  were  derived. 

As  it  was  mentioned  above  to  calculate  the  absorption  coefficient  on  the  basis  of  Exp.  (7)  we  have  to  know  the  polar 
optical  distribution  function  nq  and  the  screening  lengths  of  interaction  potentials  rop  and  rimp  .  The  fact  is  that  in  order  to 

cool  down,  the  electron  gas  emits  optical  phonons  and  hence  the  optical  phonon  distribution  function  can  be  considerably 
disturbed  6,l7,ls.  As  it  was  shown  7  the  contribution  of  anisotropic  L-valleys  results  in,  although  symmetric,  but  anisotropic 
dependencies  of  nq  and  rop ,  so  both  these  values  depend  not  only  on  modulus  of  q  but  also  on  its  direction  in  the  Brillouin 
zone.  The  angular  dependencies  of  these  values  induce  cumbersome  calculations  of  the  absorption  coefficient  assisted  by 
polar  optical  phonons.  But  in  reality  the  angular  dependencies  of  nq  and  rop  are  quite  close  to  isotropic  ones  and  for 

numerical  calculations  we  may  use  the  averaged  values  nq  and  rop  given  by  Exp.(35)  and  Exp.(A5)  of  paper  7.  To  derive 


such  expressions  we  already  suggested  that  the  values  nq  and  rop  only  depend  on  the  modulus  of  q ,  that  means  that  in  fact 


we  used  the  averaged  values  nq  and  rop  .  The  similar  values  of  the  screening  length  of  impurity  potential  rinp  by  T  and  L- 
valley  electrons  can  be  written  down  as  follows: 


1 
r 2 

imp 


1  1 

~ - +  _2_ 

^imp,T  ^ imp ,  L 


(14) 


Here  the  values  rtop  r  L  are  screening  length  of  impurity  potential  by  T  and  L  valley  electrons.  Electron  transitions  from  the  T 

into  the  L-valley  result  in  an  increase  of  the  screening  effect  for  the  case  of  nondegenerate  L  -electrons  and  degenerate  T- 
electrons  (this  is  the  typical  situation  for  highly  doped  n-GaAs  with  np-  2.1018cm'3).  For  the  same  electron  concentration  the 
screening  length  of  the  impurity  interaction  potential  rimp  is  smaller  for  a  nondegenerate  electron  gas,  when 
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ritp  ~  £sT  !  (4?ZWe2)  than  for  a  degenerate  one.  For  example,  for  a  strongly  degenerate  electron  gas  when  jU»T it  is 
known  that  r^mp  ~  £sfi  /  ( 67tne 2  ) . 

There  are  two  main  intervalley  mechanisms  of  medium  infrared  absorption  by  L-electrons  induced  by  interaction  of 
L-electrons  with  L-T  and  L-L  intervalley  phonons.  The  contribution  of  these  absorption  mechanisms  is  described  by  the  last  4 
terms  in  Exp.(4).  We  denote  the  contribution  of  LT  and  L-L  transitions  in  the  value  of  TL  as  Tl_t  and  TL_L  accordingly. 
To  calculate  TL_r  and  TL_L  we  suggest  again  that  in  the  main  region  of  integration  the  values  of  the  intervalley  deformation 


potential  are  independent  on  electron  wave  vector.  As  a  result  we  find  the  following  expressions  for  TL_r  and  TL_L  : 

1  2NcTNcL\\L 

- =  a  *  P*  (15) 

^ l-t  3nLha)rLa)p 

1  _  Nc.L^-LL  n  n6^ 

^  L-L  ^^L^^LL^P 

To  derive  expression  (16)  we  suggested  that  L-electrons  are  transferred  from  one  L-energy  minimum  to  the  other  3 
minima  by  absorbing  or  emitting  intervalley  phonons  with  the  same  frequency  and  the  same  L-L  intervalley  deformation 

potential.  The  total  values  of  Tr ,  T L  are  given  by  expressions  (17)  and  (18): 
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"  L  "  op,L  "  impyL  1  L-T  L  L-L 

When  substituting  exps.(17,  18)  in  exp. (7),  we  find  the  value  of  the  total  absorption  coefficient  by  free  T-  and  L- 


electrons  at  medium  infrared  wavelengths  as  a  function  of  the  electron  temperature. 

It  is  necessary  to  note  that  Exps.(17,  18)  describe  the  absorption  coefficient  by  free  electrons  namely  in  the  long  wavelength 
region  including  medium  infrared  wavelength.  To  find  the  absorption  coefficient  of  n-GaAs  in  the  wavelength  region 
A  <4pm  it  is  necessary  to  take  into  account  the  so  called  indirect  electron  transitions  between  T-  and  L-valleys  with 
intermediate  states  belonging  to  the  higher  conduction  band  10. 


3.  NONLINEAR  PERMITTIVITY  OF  n-GaAs  AT  MEDIUM  INFRARED  WAVELENTHS 


In  order  to  calculate  the  permittivity  dependence  €e  (W)  on  the  intensity  W  we  have  to  know  dependencies  of  the 
electron  concentrations  nr  L  and  the  electron  temperature  f  on  If.  The  shift  of  the  electron  temperature  and  the 

redistribution  of  the  electrons  in  the  T-  and  L-valleys  with  the  EW  intensity  is  mainly  connected  with  the  level  of  absorption 
by  free  electrons.  This  absorption  leads  to  the  heating  of  the  electron  gas  and  hence  to  transitions  of  T  -electrons  to  the  L- 
valley.  The  dependencies  nr  L(T)  can  be  found  by  solving  eq.(9).  To  find  the  dependence  t(W)  we  have  to  solve  the 

stationary  energy  balance  equation  (19).  This  enables  to  determine  the  required  relationship  8e  ( W )  . 

aeW  =  P  (19) 

Here  P  is  the  total  power  transferred  to  the  lattice  by  the  heated  free  electron  gas  during  its  energy  relaxation  process.  The 
stationary  regime  in  this  paper  is  interpreted  as  the  time  scale  where  optical  pulses  are  much  longer  than  the  relaxation  times 
of  the  nonlinear  mechanisms  involved  and  shorter  enough  to  avoid  any  thermal  heating  of  the  lattice.  The  heating  time  of  the 
lattice  is  estimated  to  be  tens  of  microsecond  for  these  intensities. 

There  are  several  energy  relaxation  mechanisms:  intravalley  emission  of  optical  phonons  by  T-  and  L-electrons, 
emission  of  L-L  intervalley  phonons  by  L-electrons  when  these  electrons  remain  within  the  L- valley  and  emission  of  T-L 
intervalley  phonons  by  T  and  L-electrons  when  these  electrons  are  transferred  from  one  (T-  or  L-)  valley  to  another  (T-  or  L-) 
valley.  The  value  of  P  was  calculated  in  paper7  where  the  contribution  of  the  last  mechanism  (emission  of  intervalley  T-L 
phonons)  was  neglected.  In  this  paper  we  use  the  results  of  the  same  paper  7  with  the  addition  of  the  contribution  of  T-L 
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intervalley  phonon  emission.  The  contribution  of  the  intravalley  emission  of  optical  phonons  by  T-  and  L-electrons  with 
taking  into  account  the  influence  of  the  hot  optical  phonon  effect  and  emission  of  L-L  intervalley  phonons  by  L-electrons  are 
given  by  Exps.(8,  17,  37,  38)  of  paper 7.  The  sum  of  these  contributions  we  denote  as  Pl-l- 

The  contribution  of  T-L  intervalley  phonons  emitted  by  T-  electrons  in  the  value  of  P  (Pr_L  )  can  be  calculated  on 
the  basis  of  Exp.(20): 

l)) ~nqrifo^p  “*fe6)rL)(l“ /0(f^))} * 

p  ~  €p-q  ~  ^  h(DrLCrL  (Sjlqi'i  +  l)Af L  ~  nqTL^VL  )  (20) 

Expressions  for  ATL  and  Bri  can  be  found  by  direct  comparison  of  left  and  right  hand  sides  of  Exp.(20). 


In  the  case  of  thermodynamic  equilibrium  the  value  of  Pr_L  =  0.  Hence  in  this  case  we  have: 


nqVL  OO  1  nqTL  CO 


(21) 


The  function  nqTL  (T)  is  given  by  the  Bose-Einstein  expression  with  the  temperature  equal  to  the  electron  temperature  T  . 

Using  the  dispersion  relation  given  by  Exp.(8)  for  the  nonparabolic  T-valley  we  find  by  direct  calculation  the  value 
Pr_L .  As  a  result  the  total  value  of  the  power  transferred  to  the  lattice  by  the  heated  free  electron  gas  distributed  between  T- 
and  L- valleys  is  given  by  Exp. (22): 

P  =  PL-L  +  Pr_L  +  PL_r  (22) 

In  these  calculations  we  neglect  the  small  contribution  in  the  value  of  P  connected  with  the  L- valley  electron-non-polar  optical 
phonon  interaction. 

Substitution  of  Exp.(l  1)  in  Eq.(9)  leads  to  the  equation  for  the  electron  temperature  dependence  t(W)  .  Substitution 
of  the  dependence  t(W)  in  Exp.(l)  gives  us  the  dependence  of  dielectric  permittivity  on  the  electromagnetic  wave  intensity 
W. 


4.  RESULTS  OF  NUMERICAL  CALCULATIONS  AND  DISCUSSIONS 


Band  edge  effective  mass  m0 

0.063  m 

Dielectric  permittivity  at  X  10.6  jum 

10.72 

Longitudinal  L  valley  effective  mass  ml 

1.9  m 

Density  p  (g/cm3) 

5.32 

Transverse  L  valley  effective  mass  m{ 

0.015  m 

Deformation  Potential  A^  (eV/cm) 

(l-0.12)xl09  [5,8,9] 

Band  gap  Eg  (eV) 

1.42 

L  —  L  intervalley  phonon  energy  (eV) 

0.029  [9] 

T-L  valley  energy  difference  Ar_L  (eV) 

0.284 

Deformation  Potential  ArL  (eV/cm) 

0.65  xlO9  [8] 

r  valley  nonparabolicity  factor  for  OL 

0.82 

r  —  L  intervalley  phonon  energy  (eV) 

0.031  [8] 

Static  dielectric  permittivity  €Q 

13.1 

LO  Phonon  frequency  O)Lo(eV) 

0.036 

HF  dielectric  permittivity 

10.9 

Deacy  time  of  LO-phonons  xr  (ps) 

6.7 

Table  I.  Material  parameters  of  GaAs  for  tL=300K  used  in  the  numerical  calculations.  Data  are  taken  from  the  following 
references9’15’19'21’23’24 


Material  parameters  of  GaAs,  which  were  used  for  the  numerical  calculations  are  given  in  Table  I.  There  is  a  large 
uncertainty  in  the  values  of  the  intervalley  deformation  potential.  The  values  of  ArL  and  given  in  different  papers  differ  as 

much  as  one  order  of  magnitude  9’19"21,  As  the  values  of  the  relaxation  times  Tr_t ,  TL_r  and  TL_L  are  proportional  to  A2rL  and 
A2^ ,  the  uncertainties  of  ArL  and  A^  values  result  in  a  much  greater  uncertainty  in  ^r-L^L-r  anc*  ^ l-l  values*  h  this 
paper  we  use  values  of  ArL ,  (OrL  found  in  reference  20(see  Table  I).  With  the  help  of  these  values  one  can  calculate  that  e.g.  the 
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T-L  valley  transfer  time  is  about  100  fs  for  T-electrons  with  500meV  kinetic  energy  and  an  L-r  return  time  of  about  2.2ps  for  L- 
electrons  at  the  bottom  of  the  L-valley  for  a  parabolic  T-valley  20  or  about  1.6  ps  for  a  nonparabolic  T-valley. 

As  to  the  author’s  knowledge  there  is  no  exact  information  available  concerning  the  All  -value,  we  show  different  simulations 
based  on  three  different  values  of  All  (=1x109,  0.12x109  and  0.6xl09  eV/cm)  to  show  the  influence  of  this  parameter  on  the 
dependence  £e(W).  The  first  two  values  correspond  respectively  to  the  maximum  and  minimum  values  found  in  literature,  and 


As  it  was  mentioned  above  it  is  necessary  to  take  into 
account  indirect  T-L  electron  transitions  to  describe  the 
experimental  dependencies  of  the  absorption  coefficient 
versus  wavelength.  To  test  our  model  we  fit  three 
experimental  absorption  data  22.  These  experimental  and 
theoretical  dependencies  are  presented  in  Fig.l.  We  found 
a  satisfactory  fit  with  the  experimental  results  when  the  fit 
factor  A  related  to  the  absorption  mechanism  assisted  by 
indirecr  transitions  between  de  T  and  L-valley,  A  =  1.2x1  O' 
9/T!2for  Ti=296K  The  compensation  factors  for  fitting  the 
experimental  curves  are  indicated  in  the  figure  caption  of 
figure  1.  As  we  neglect  transitions  into  the  X-valley  we 
restrict  our  model  calculations  of  the  absorption 
coefficient  to  wavelengths  X>3jnm.  The  contribution  of 
indirect  electron  transitions  being  very  important  for 
wavelengths  X  <4jum,  however  evanesce  very  fast  for 
larger  wavelengths.  At  X  ~  8pm  this  contribution  is 
already  reduced  to  10%  of  the  contribution  given  by  direct 
F-L  transitions  and  at  the  medium  infrared  wavelength  X  ~ 
10pm,  the  contribution  of  indirect  electron  transitions  in 
the  absorption  coefficient  can  be  neglected. 

In  Fig.  (2a, b)  the  contribution  of  the  different  absorption  mechanisms  to  the  total  absorption  coefficient  are  plotted  versus  the 
electron  temperature  for  two  different  electron  concentrations  (a)  2x10  cm'  and  (b)  7x10  cm'  and  for  a  wavelength 
X=  10.6pm.  All  calculations  were  proceeded  under  the  assumption  that  the  free  electron  concentration  is  equal  to  the  doping 
concentration.  The  contribution  of  L-L  intervalley  transitions  in  the  absorption  process  is  calculated  at  a  moderate  value  of 
All=0.6x109  eV/cm.  The  particular  contributions  of  L-L  and  T-L  intervalley  transitions  to  the  absorption  coefficient  and  the 
resulting  total  absorption  coefficients  versus  the  electron  temperature  are  shown  in  Figs.(3a,3b)  for  three  different  values  of 
the  intervalley  deformation  potential  All- 

From  Figs.(2a,2b,3a,3b)  we  see  that  the  contribution  of  the  intervalley  transitions  strongly  increases  with  a  growing  electron 
concentration  n0  and  electron  temperature  t.  This  is  easy  to  understand  taking  into  account  that  at  these  doping 

concentrations  no>2xl018cm"3  ,  the  T-valley  electron  gas  is  degenerate  and  the  Fermi  energy  increases  with  an  increasing 
doping  concentration.  So  for  larger  doping  concentrations  and  electron  temperature  the  number  of  electrons  with  energy 
£  >  Ar_L  —  tiC0±hC0rL  increases  resulting  in  an  increase  of  the  contribution  of  T-L  transitions  to  the  total  absorption 

coefficient.  The  contribution  of  T-L  transitions  at  these  concentrations  is  usually  less  than  or  about  15%  of  the  total  value  of 
absorption  coefficient.  The  relative  contribution  of  this  mechanism  increases  with  an  increase  of  the  electron  temperature.  The 
contribution  of  L-L  transitions  in  the  value  of  the  absorption  coefficient  strongly  depends  on  the  value  of  All-  At  All  =1x109 
eVcm'1  this  contribution  results  in  a  strong  increase  of  the  total  absorption  coefficient  (=sum  of  all  the  contributions)  with 
increasing  electron  temperature  (see  Figs. (3a, 3b))  and  exceeds  the  impurity  contribution  for  no=7xl018  cm’3  at  t=900K,  and 
the  combined  impurity  and  optical  phonon  contributions  for  iv=2xl018  cm'3,  and  at  t=900K.  On  the  other  hand  the 
contribution  of  L-L  transitions  is  negligibly  small  for  All  =0.12x109  eVcm'1.  At  All  =0.6x1  09  eVcm"1  and  for  an  electron 
temperature  t>700K,  the  contribution  of  L-L  transitions  is  already  larger  than  the  contribution  of  T-L  transitions.  It  is 
important  to  mention  that  the  total  contribution  of  the  intervalley  transitions  for  highly  doped  n-GaAs  results  in  an  increase  of 
the  imaginary  part  of  the  dielectric  permittivity  and  the  absorption  coefficient  as  a  function  of  electron  temperature  (see 


the  last  value  is  set  equal  to  a  common  value  of  ArL 
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Fig.l  Comparison  between  theoretical  and  experimental 
dependences  of  the  absorption  coefficient  CXe  on  the 

wavelength  A  for  three  different  doping  concentrations  in 
GaAs:  (a)  no=0.13xl018cm'3,  (b)  no=0.49xl018cm'3  and  (c) 
no=1.09xl018cm’3  for  t=tL=296K.  The  best  fits  are  found  for  the 
following  compensation  factor  s  =  8,  3.1,  3.05,  respectively. 
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Figs[3a,3b]).  On  the  contrary,  the  absorption  coefficient  related  to  the  free  electrons  residing  in  the  nonparabolic  T-valley 
only  of  highly  doped  n-GaAs,  decreases  with  an  increase  of  the  electron  temperature  12 . 
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Fig.2  Dependences  of  different  contributions  to  the  absorption  coefficient  in  GaAs  on  electron  temperature  t  for  two  doping 
concentrations  (a)  no=2xl018cm'3,and  (b)  no=7xl018cin3,  Other  parameters  are  tL=300K,  X-  10.6pm,  ALL=0.6xl09eVcin  impurity 
contribution  (*),  contribution  of  thermal  optical  phonons  (o),  contribution  of  hot  optical  phonons  (•),  contribution  of  r~L  intervalley 
transitions  (0),  contribution  of  L-L  intervalley  transitions  (A). 
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Fig.3  Dependences  of  contributions  to  the  absorption  coefficient  in  GaAs  on  electron  temperature  t  for  two  doping  concentrations  (a) 
no=2xl018cm'3,and  (b)  no=7xl018cm'3.  Other  parameters  are  tL=300K,  X=10.6pm:  contribution  of  r~L  intervalley  transitions  (0); 
contributions  of  L-L  intervalley  transitions  at  Au^O.nxloVVcm'V®);  ALL=0.6xl09eVcm'1(A) ;  A^l.OxlO^Vcm*1  (A). 


The  influence  of  L-L  intervalley  transitions  is  even  more  striking  if  we  consider  the  dependencies  of  the  electron  distribution, 
absorption  coefficient,  or  the  index  of  refraction  on  the  intensity  of  the  incident  electromagnetic  wave.  To  find  these 
dependencies  we  first  have  to  calculate  the  dependence  of  the  intensity  W  on  the  electron  temperature  t.  The  dependencies 
W(t)  for  different  values  of  iio  are  plotted  in  Fig.  4.  As  it  is  shown  in  this  figure,  the  optical  heating  effect  is  stronger  at 
smaller  values  of  All.  This  behavior  of  the  W(t)  dependence  is  connected  with  the  fact  that  the  energy  relaxation  time  of  L- 
electrons  xcL  increases  with  a  decrease  of  the  value  of  All-  The  dependencies  of  the  L-electron  energy  relaxation  time  on 
electron  temperature  for  different  values  of  the  intervalley  deformation  potential  All  and  doping  concentrations  are  shown  in 
Fig.5.  We  observe  that  the  L-electron  energy  relaxation  time  increases  from  the  values  of  about  (0.3-0.45)ps  at  All  =1x109 
eVcm 1  up  to  the  values  of  about  (l-2)ps  at  All  =0.12x109  eVcm"1  depending  on  the  electron  temperature  and  doping 
concentration.  The  value  xcl  is  quite  small  at  All  =1x109  eVcm"1  when  the  contribution  of  T-L  transitions  can  be  neglected  but 
the  contribution  of  T-L  transitions  has  to  be  definitely  taken  into  account  at  All  =0.12x109  eVcm'1  when  the  value  of  xcl 
strongly  increases  (the  value  All  was  supposed  to  be  equal  to  0.12xl09  eVcm*1  in  paper  4. 
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Electron  Temperature  (K) 

Fig.4  Dependences  of  the  electromagnetic  wave  intensity  W  on 
the  electron  temperature  t  at  at  tL=300K,  X=1 0.6pm  for  two 
different  doping  concentrations:  n0=2xlOI8cm*3  ( — )  and 

no=7xl018cm'3  ( _ )  respectively  and  for  three  different  values  of 

All=0*  12x1  09e V cm* 1  ( • );  All=0. 6x  1 09e V cm* 1  (A) 

;  ALL=1.0xl09eVcm*1  (A). 


Fig.6  The  relative  electron  concentration  in  the  L-valley  of 
GaAs  versus  the  opticl  intensity  at  tL=300K,  A=10.6p,  m  for  two 
three  different  doping  concentrations:  no=2xl018cm*3  (---), 

no=5xl018cm'3  and  no=7xl018cm*3  ( _ )  respectively  and 

for  two  different  values  of  All=0.  1 2x  1 09e  V  cm' 

'(•);  Au^l.OxloVVcm'^A). 


Electron  Temperature  (K) 

Fig.5  Dependences  of  the  energy  relaxation  time  of  the  L-valley 
electrons  TeL  on  the  electron  temperature  t  for  GaAs  at  a 
wavelength  X=1 0.6pm  and  tL=300K.  Two  different  doping 

concentrations  no=2xl018cm’3  ( — )  and  no=7xl018cm'3  ( _ )  are 

compared  at  three  different  values  of  Aix=0.12xl09eVcm* 
*(•);  ALL^^xlO^Vcm'^A);  Au^l.OxlOVVcm*1  (A). 

The  evolution  of  the  number  of  electrons,  occupying  the 
L-valley  strongly  increases  with  a  growing  doping 
concentration  and  optical  intensity  (see  Fig.6)  leading  to  a 
considerable  increase  of  the  contribution  of  L-L 
transitions  in  the  absorption  process.  One  observes  that 
the  lower  the  LL-IDP  value  the  easier  it  is  to  populute  the 
L-valley,  although  the  smaller  the  absorption  coefficient. 
One  can  conclude  here  that  the  optical  Gunn  effect  is 
could  be  most  efficient  when  the  LL-IDP  value  is 
smallest.  From  fig.6  it  is  also  clear  that  a  smaller  doping 
concentration  (5xl018cm’3)  in  combination  with  a  small 
LL-IDP  value  is  more  preferable  than  a  larger  doping 
concentration  when  the  LL-IDP  value  is  large.  This  figure 
also  shows  that  the  for  the  highest  doping  concentrations 
the  optical  intensity  can  be  limited  to  several  MWcm-2  to 
induce  a  substantial  electron  transfer.  The  end  of  each 
curve  of  fig.6  ends  where  the  electron  temperature 
corresponds  to  900K. 


The  dependences  of  the  total  absorption  coefficient  a*,  at  no=7xl018cm'3  and  the  index  of  refraction  ne  (W)  =  Rey*T(W) 

for  different  values  of  All  and  doping  concentrations  are  shown  in  Fig.  8.  One  sees  that  the  dependence  Oe(W)  is  strongly 
influenced  by  the  value  of  All-  In  spite  of  the  fact  that  the  real  part  of  dielectric  permittivity  given  by  Exp.(l)  is  independent 
of  the  value  of  Au,  the  dependence  n^W)  is  considerably  influenced  by  the  value  of  All  especially  at  larger  doping 
concentrations  (see  Fig.8).  For  small  intensities  of  the  incident  electromagnetic  waves,  the  index  of  refraction  can  be  written 

down  as  follows:  ne  =  ne0  +  n2W  .  We  find  at  >.=10.6|im,  tL=300K,  and  no=2xl018cm"3  that  neQ  =  2.84  ,n2is  almost 

independent  on  All  and  equal  to  1.3x1  O'9  cm2/W.  On  the  other  hand,  we  find  at  larger  electron  concentrations  no=7xl018cm'3, 
A=10.6pm,  tL=300K  and  at  the  value  All  equal  to  lxlO9,  0.6xl09  and  0.12xl09  eVcm'1  that  1^0-1.38,  n2~2.7x,  3.3x,  3.75xl0‘ 
8cm2/W,  respectively.  We  observe  that  the  influence  of  intervalley  transitions  and  especially  LL- transitions  on  the  values  of 
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the  nonlinear  absorption  coefficient  and  the  index  of  refraction  at  medium  infrared  wavelengths  can  be  considerable  for  highly 
doped  n-GaAs.  In  this  case  even  the  value  of  nonlinear  refraction  index  n2  depends  considerably  on  the  LL-EDP  constant. 


Optical  Intensity  W  (MW/cm  2 ) 


Fig.7  Dependences  of  the  (a)  total  absorption  coefficient  CCe  and  the  refractive  index  on  the  electromagnetic  wave  intensity  W  for  GaAs 

at  no=7xl0I8cm'3,  at  A.=10.6pm,  tL=300K  and  for  three  different  values  of  Au^O.^xlOVVcin1^);  Au^O.bxloVVcin  *(A) 
;  A^l.OxlO^Vcm'1  (A). 


5.  CONCLUSIONS 

In  this  paper  we  have  derived  analytic  quantum  mechanical  expressions  for  describing  the  optical  Gunn  effect  at 
medium  infrared  wavelengths.  Free  electrons  are  heated  and  distributed  between  F-  and  L-valleys  in  GaAs  taking  into 
account  the  electron-optical  phonon  interaction  (including  hot  optical  phonons  effect),  electron-impurity  interaction  and  the 
interaction  of  electrons  with  inter  valley  (FL  and  LL)  phonons.  The  dependence  of  the  absorption  coefficient  and  the  index  of 
refraction  on  the  optical  power  intensity  have  been  derived  by  deriving  an  expression  for  the  power  transferred  to  the  lattice 
from  heated  T-and  L-valley  conduction  electrons.  Emission  of  intervalley  FL  and  LL  phonons  (i.e.  intervalley  FL  and  LL 
electron  transitions)  and  optical  phonons  (intravalley  T  and  L-electrons  transitions)  were  considered  as  the  main  mechanisms 
of  energy  transfer  from  T-  and  L-valley  electrons  to  the  lattice.  The  anisotropy  of  the  L-valley  and  the  nonparabolicity  of  the 
T- valley  have  been  rigorously  taken  into  account. 

It  was  shown  that  contributions  of  intervalley  transitions  in  the  absorption  coefficient  strongly  depend  on  the  electron 
concentration,  temperature  and  intervalley  deformation  potential  values  and  even  exceed  the  contribution  assisted  by  electron- 
impurity  interaction  for  highly  doped  GaAs  and  high  electron  temperatures  ( t  ~  900 K)  if  the  value  of  the  LL-intervalley 
deformation  potential  constant  is  about  lxloVVcm'1.  Contributions  of  intervalley  transitions  result  in  the  dependence  of  the 
absorption  coefficient  on  electron  temperature  t ,  increasing  with  the  increase  of  t .  On  the  contrary  the  absorption  coefficient 
related  to  free  electrons  residing  in  the  nonparabolic  T-valley  only  decreases  with  increase  of  electron  temperature. 

Intervalley  scattering  to  the  T-  and  L-valleys  plays  an  important  role  in  the  cooling  of  electrons.  As  a  result  the 
increase  of  electron  temperature  induced  by  optical  absorption  is  greater  for  smaller  values  of  the  intervalley  deformation 
potential  constant  All-  This  behavior  versus  electron  temperature  is  explained  by  the  increase  of  the  energy  relaxation  time  of 
L-valley  electrons  TeL  with  the  decrease  of  A^-value.  It  was  shown  that  the  L-  electron  energy  relaxation  time  increases  from 

the  values  of  about  (0.3-0.45)ps  at  All  ^lxloVVcm'1  up  to  the  value  of  about  (l-2)ps  at  All  =  0.12xl09eVcm_1  depending 
on  electron  temperature  and  doping  concentration.  As  a  result  absorption  coefficient,  dielectric  permittivity  and  the  index  of 
refraction  depend  stronger  on  electromagnetic  wave  intensity  for  the  case  of  smaller  values  of  the  intervalley  deformation 
potential  All-  It  was  shown  that  the  value  of  nonlinear  refraction  index  n2  of  highly  n-doped  GaAs  considerably  depends  on 

the  value  of  inter  valley  deformation  potential  constant  All  at  medium  infrared  wavelengths.  Hence  the  experimental 
measurements  of  absorption  coefficient  and  the  index  of  refraction  dependencies  on  electromagnetic  wave  intensity  at 
medium  infrared  wavelengths  would  provide  independent  information  about  the  values  of  intervalley  deformation  potential 
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constant  ALL.  The  combination  of  the  small  response  time  ((6  —  7 )ps)  and  the  quite  great  value  of  nonlinear  refraction 
index  n2  (n2=2.7-3.75xl0*8  cm2/W)  at  no=7xl018cm'3)  also  make  this  mechanism  of  dielectric  permittivity  modulation  by 
medium  infrared  electromagnetic  waves  to  be  perspective  for  applications.  The  versatility  of  the  intervalley  transfer 
nonlinearity  still  offers  opportunities  for  design  and  optimisation. 
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ABSTRACT 

We  have  designed,  fabricated  and  demonstrated  ultra-compact  directional  couplers  (<  30  pm)  and  “race-track” 
micro-resonators  as  nano-photonic  building  blocks  for  a  range  of  WDM  devices,  including  ultra-compact  directional 
couplers,  channel-dropping  filters,  1  x  N  demultiplexers  and  2x2  crossbar  switches. 

Keywords:  Nano-photonics,  resonators,  switches,  waveguides,  semiconductors,  integrated  optics,  WDM. 

Nanophotonics  is  an  emerging  field  in  photonics.  It  is  an  enabling  technology  that  allows  us  to  fabricate  photonic 
devices  on  a  much  smaller  scale  and  to  realize  photonic  integrated  circuits  with  much  higher  device-count  and 
functional  density.  An  example  of  nanophotonic  device  is  the  micro-ring  resonator  which  has  been  used  as  the  basis 
for  a  new  class  of  Wavelength  Division  Multiplexing  (WDM)  devices  that  offers  potential  advantages  in 
performance,  size  and  cost.  Waveguide-coupled  microcavity  ring  and  disk  resonators  in  AlGaAs/GaAs  material 
system  with  high  finesse  (>  100)  and  22-nm  free-spectral  range  (FSR)  have  been  demonstrated  [1].  These  devices 
have  also  been  demonstrated  in  other  material  systems  [2].  The  large  FSR  of  these  resonators  results  from  their 
extremely  small  size  (-10  pm  diameter),  which  is  made  possible  by  the  use  of  waveguides  with  a  large  lateral  index 
contrast  of  3.4  to  1.  Such  dimensions  would  conceivably  enable  realization  of  large-scale  photonic  integrated 
circuits,  such  as  an  optical  cross-connect  switching  fabric,  demanded  by  future  dense  WDM  systems.  We  believe 
this  technology  will  be  one  of  very  few  viable  options  for  realizing  future  high-density  photonic  integrated  circuits 
that  will  become  more  prevalent  with  the  advent  of  dense  WDM  communication  systems. 

The  emergence  of  nano-scale  photonic  devices  is  triggered  by 
advances  in  nanofabrication  technology  as  well  as  in  our 
understanding  of  low-dimensional  quantized  photonic  and 
electronic  structures.  Historically  in  our  group,  our  interest  in 
low-dimensional  photonic  structures  arose  from  an  attempt  to 
minimize  the  laser  threshold  power  by  maximizing  the  photon 
capture  efficiency  into  the  desired  lasing  cavity  mode.  This 
quantity,  known  as  the  spontaneous  emission  coupling  factor 
((3),  has  a  value  of  10*5  at  threshold  for  conventional  laser 
diodes.  It  turns  out  that  this  value  can  be  increased  to  nearly  1 
(the  theoretical  limit)  by  using  strongly  guided  two- 
dimensional  dielectric  waveguides  with  cross  sectional 
dimensions  smaller  than  a  quarter  of  an  optical  wavelength  in 
the  material.  In  that  case  it  is  found  that  spontaneous 
emissions  emitted  in  a  certain  polarization  and  in  certain 
directions  are  greatly  suppressed,  and  almost  all  spontaneous 
emissions  are  effectively  channeled  spatially  into  a  particular 
desired  direction  and  spectrally  into  one  cavity  mode.  An 
example  of  such  a  photonic  structure  is  shown  in  Fig.  1.  It 
consists  of  a  ring-shaped  semiconductor  cylindrical 
waveguide  forming  a  ring  cavity,  coupled  evanescently  to  a 
U-shaped  waveguide  forming  the  output.  The  ring  waveguide 


Part  of  the  SP1E  Conference  on  Photonics  Technology  into  the  21st  Century: 
Semiconductors,  Microstructures,  and  Nanostructures  •  Singapore  •  December  1999 

SPIE  Vol.  3899  •  0277-786X/99/$1 0.00 


Photonic- Wire  Laser  Coupled 
to  Nanoscale  Waveguide 


is  bonded  onto  a  glass  substrate  with  a  much  lower  refractive  index.  The  waveguides  have  a  cross  section  of  only  0.2 
jam  x  0.2  jim.  We  call  this  a  photonic  wire  laser  as  the  optical  confinement  occurs  strongly  in  both  the  transverse 
dimensions,  in  analogy  to  quantum  wire  which  confines  electrons  in  two  directions.  The  total  mode  volume  in  the 
waveguide  is  only  0.3  cubic  micrometer,  making  this  one  of  the  smallest  lasers  ever  demonstrated. 

Similarly,  the  photonic  analog  of  quantum  well  would  be  a  photonic  well ,  which  is  simply  a  strongly  guided 
waveguide  with  one  of  the  transverse  dimensions  smaller  than  an  optical  wavelength.  An  example  of  such  a 
waveguide  that  is  useful  for  planar  integrated  circuits  would  be  one  that  has  strong  lateral  confinement  (formed  by  a 
large  index  contrast)  in  the  plane  direction  but  the  conventional  layer  structure  of  a  weakly  guided  waveguide  in  the 
vertical  direction.  Because  of  the  lateral  confinement,  this  photonic  well  waveguide  would  be  able  to  curve  around 
sharply  forming  very  compact  cavities,  bends,  branches  and  crossovers,  and,  consequently,  enabling  integrated  optic 
devices  to  be  greatly  miniaturized. 

Fig.  2  shows  a  micro-ring  resonator  in  GaAs/AlGaAs  materials  formed  by  the  photonic  well  waveguide,  coupled 
evanescently  to  two  similar  straight  waveguides,  across  gaps  of  only  100  nm.  The  waveguides  are  formed  by  etching 
deep  side  trenches  into  the  semiconductor  using  inductively  coupled  plasma  reactive-ion  etching  (ICP-RIE).  The 
patterns  were  defined  by  direct-write  electron-beam  lithography.  ICP-RIE  is  a  relatively  new  dry  etching  method 
and  has  not  been  widely  utilized  for  etching  of  submicron  structures.  A  principal  advantage  of  ICP-RIE  compared  to 
conventional  to  RIE  methods  is  the  ability  to  independently  control  the  ion  energy  and  flux  density.  With  ICP-RIE, 
we  have  achieved  deeply  etched  nanometer-scale  structures  in  GaAs/AlGaAs  materials  with  aspect  ratios  as  high  as 
30:1  and  very  smooth  sidewalls  with  typical  roughness  less  than  10  nm. 


Fig.  2:  A  micro-ring  resonator  and  two  coupled  waveguides.  The  diameter  of  the  ring 
is  6  pm,  the  width  of  the  waveguide  is  0.4  pm,  and  the  width  of  the  gaps  is  0. 1  pm. 


The  conventional  ring  resonators  are  coupled  to  input  and  output  waveguides  via  a  “point  contact”,  and  therefore  for 
sufficient  coupling  a  very  small  gap  of  the  order  of  100  nm  is  required.  As  an  alternative  we  and  others  have 
proposed  a  “race-track”  resonator  [3]  which  achieves  the  same  desired  coupling  factor  by  trading  off  a  longer 
coupling  distance  for  a  wider  gap.  We  have  found  that  as  a  result  the  fabrication  is  much  more  tolerant.  Fig.  3  shows 
SEM  pictures  of  a  resonator-based  channel  dropping  filter  and  the  race-track  resonator.  Note  that  the  waveguides  are 
0.4  pm  wide  but  taper  to  2  pm  outside  the  resonator  region  for  easier  input  coupling  and  to  reduce  optical  loss. 
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Fig.  3:  (a)  A  race-track  resonator  coupled  to  two  waveguides,  (b)  Close-up  view  of  the  race-track  resonator. 

The  principle  of  operation  which  makes  the  microcavity  resonator  a  versatile  WDM  device  (a  wavelength 
filter/switch,  a  multiplexer,  even  a  modulator)  is  very  simple,  and  is  based  on  the  concept  of  resonance. 
Essentially,  the  ring  forms  a  Fabry-Perot  interferometer  with  the  two  couplers  forming  the  mirrors.  The  mirror 
reflectivities  are  determined  by  the  coupling  factors  between  the  ring  and  the  two  coupled  waveguides.  The 
resonance  wavelength  (XJ  is  defined  by  the  resonance  condition:  /efir =  m^,  where  1^  is  the  effective  round  trip 
length  of  the  cavity,  iw  is  the  effective  index  of  the  waveguide,  and  m,  an  integer,  is  the  order  of  the  resonance. 
Hence,  the  free  spectral  range,  defined  as  K,  -  Xm+i,  is  large  when  the  cavity  length  is  small.  In  operation,  input  light 
(see  Fig.  3a)  will  exit  through  port  Y  (called  the  reflection  port)  when  the  wavelength  is  off  resonance,  and  exit 
through  port  Z  (called  the  transmission  port)  when  on  resonance.  Typical  spectra  from  these  ports  for  the  race-track 
resonator  device  are  shown  in  Fig.  4,  where  a  switching  efficiency  of  80%  was  achieved.  Resonance  linewidth  as 
small  as  0.2  nm  and  cavity  Q  factors  as  high  as  10,000  have  also  been  obtained. 
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Fig.  4:  (a)  Reflection  spectrum  at  output  Y: 

The  oscillations  are  due  to  the  Fresnel  reflections. 


b)  Transmission  spectrum  at  output  Z. 
Note  the  different  wavelength  range. 
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Using  the  race-track  resonators  as  a  building  block,  we  have  fabricated  more  sophisticated  photonic  integrated 
circuits  such  as  2  by  2  cross-bar  switches  and  1  by  8  and  1  by  16  wavelength  multiplexer/demultiplexers.  The  SEM 
pictures  of  these  devices  are  shown  in  Fig.  5.  These  devices  illustrate  the  functional  versatility  and  the  size 
advantage  of  microcavity  resonators.  The  NxN  crossbar  switch,  for  example,  is  a  scalable  add-drop  matrix  switch, 
an  essential  component  for  optical  add-drop  multiplexers  (OADM)  and  optical  cross-connects  (OXC).  The 
resonator-to-resonator  spacing  can  be  as  small  as  50  pm,  which  means  that  the  size  of  an  N  x  N  OXC  fabric  may  be 
no  more  than  SON  x  SON  pm2.  In  principle,  optically  transparent  OXC  can  be  achieved  by  incorporating  optical 
amplifiers  in  the  circuit  to  compensate  for  the  propagation  loss. 


Fig.  5:  (a)  1  x  N  (N  =  16)  demultiplexer,  (b)  2  x  2  crossbar  switches 

In  multi-resonator  devices,  the  resonators  are  designed  to  be  slightly  different  in  length  according  to  the  targeted 
resonance  wavelengths.  In  practice,  the  resonance  wavelengths  are  very  sensitive  to  any  variation  or  deviation  in  the 
cavity  length  and  may  need  to  be  actively  controlled,  for  example,  by  electro-optic  tuning. 

High  density  integrated  optics  for  WDM  requires  a  wide  array  of  ultra-compact  devices,  not  just  filters  and 
multiplexers  (wavelength-sensitive  devices),  but  also  couplers  and  switches  (broadband  devices),  as  well  as  the 
ubiquitous  curved  waveguides  and  crossovers.  In  fact,  in  conventional  integrated  optics,  the  level  of  integration  is 
limited  by  the  size  of  curved  waveguides  as  well  as  the  active  device  dimensions.  On  the  other  hand,  curves  in 
nanophotonic  waveguides  is  not  an  issue  as  amply  evident  in  the  microring  resonators.  Couplers  and  switches  based 


Fig.  6:  (a)  An  SEM  image  of  a  coupler.  (b)  measured  results  of  power  coupling. 


on  nano-photonic  waveguides  can  be  significantly  smaller  than  the  conventional  devices,  not  only  in  the 
coupling  region  but  more  significantly  in  the  input  and  output  sections  where  curved  waveguides,  such  as 
S-bends,  are  used.  A  fabricated  coupler  with  a  length  of  only  3  pm  and  a  gap  size  of  0.15  pm  is  shown  in 
Fig.  6(a).  Fig.  6(b)  shows  the  measured  power  transfer  for  different  coupler  lengths  in  the  case  of  w  =  0.4 
pm  and  g  =  0.2  pm.  Note  that  full  power  transfer  occurs  at  Lc= 25  pm,  making  this  probably  the  shortest 
directional  coupler  ever  demonstrated. 

In  conclusion,  we  have  designed  and  demonstrated  ultra-compact  directional  couplers  and  race-track  micro¬ 
resonators  as  nano-photonic  building  blocks  for  a  range  of  WDM  devices,  including  channel-dropping 
filters,  1  X  A  demultiplexers  and  2x2  crossbar  switches. 
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ABSTRACT 

We  have  successfully  fabricated  optically  pumped  semiconductor  micro-disk  and  micro-ring  lasers  under  the 
InGaAsP/InGaAs  system  at  the  1.5jum  wavelength  and  under  the  InGaP/InGaAlP  system  at  the  0.66  pm  wavelength.  The 
spontaneous  emission  factor  P  of  these  micro-lasers  is  estimated  directly  from  their  output-pump  curves  and  its  dependence 
on  the  cavity  volume  is  verified.  Interesting  phenomena  regarding  the  far-field  emission  pattern  and  lasing  linewidth  of 
these  micro-cavity  lasers  are  experimentally  observed  and  theoretically  studied. 

Keywords:  Micro-cavity  laser,  Micro-disk  laser,  Micro-ring  laser 

1.  INTRODUCTION 

Semiconductor  micro-disk  and  micro-ring  lasers  have  attracted  a  lot  of  research  interest  recently  due  to  their  special 
properties  including  the  high  spontaneous  emission  factor  p  and  the  low  lasing  threshold  l'6.  In  such  micro-structures  with 
their  size  comparable  to  the  optical  wavelength,  the  emission  property  of  excited  dipoles  can  be  greatly  altered  compared  to 
the  emission  properties  in  the  bulk.  The  underlying  physical  cause  is  the  quantitative  change  of  the  photonic  density  of 
states  due  to  strong  optical  confinement,  which  is  analogous  to  the  electronic  counterpart  in  the  presence  of  strong  quantum 
confinement.  Such  modification  of  the  emission  properties  due  to  optical  confinement  automatically  leads  to  a  cavity- 
volume  dependent  spontaneous  emission  factor  p  for  any  micro-cavity  laser.  In  the  mean  while,  the  lasing  modes  of  a 
semiconductor  micro-disk  laser  are  whispering-gallery-modes  (WGMs)  that  propagate  along  the  edge  of  the  disk.  Due  to 
such  a  special  resonant  structure,  the  emission  properties  of  micro-disk  lasers  exhibit  many  interesting  differences  compared 
to  typical  edge  emitting  lasers.  The  aim  of  this  paper  is  to  report  our  recent  results  on  investigating  these  interesting 
properties. 

We  have  successfully  fabricated  optically  pumped  semiconductor  micro-disk  and  micro-ring  lasers  under  the 
InGaAsP/InGaAs  system  at  the  1.5pm  wavelength7'9  and  under  the  InGaP/InGaAlP  system  at  the  0.66  pm  wavelength10. 
The  micro-disks  can  be  fabricated  either  by  the  pedestal-suspended  method  illustrated  in  figure  1(a)  or  by  the  epi-transferred 
method  illustrated  in  figure  1(b).  On  the  other  hand,  the  micro-rings  can  only  be  fabricated  by  the  epi-transferred  method 
since  the  suspended  pedestal  can  not  be  formed  for  a  micro-ring.  Figure  1(c)  and  (d)  shows  the  SEM  pictures  of  a  typical 
pedestal-  suspended  micro-disk  laser  and  a  typical  epi-transferred  micro-ring  laser  fabricated  in  our  lab.  One  advantage  of 
the  epi-transferred  method  is  that  one  can  simultaneously  fabricate  micro-disks  and  micro-rings  of  different  sizes  using  a 
same  wafer  such  that  the  comparison  of  their  properties  can  be  more  meaningful  and  trustable. 

The  first  subject  of  our  study  is  to  investigate  the  cavity  volume  dependence  of  the  spontaneous  emission  factor  p 81U2.  We 
have  developed  a  method  that  can  extract  the  value  of  P  directly  from  the  measured  output-pump  curve.  By  experimentally 
fabricating  a  series  of  micro-ring  lasers  with  different  ring-widths  on  the  same  wafer  and  using  the  epi-transfer  method,  we 
verify  experimentally  the  inverse  cavity  volume  dependence  of  the  spontaneous  emission  factor  and  achieve  a  p  value  as 
large  as  0.14.  To  clarify  the  obtained  results,  we  derived  a  simple  expression  based  on  the  classical  mode  counting  method, 
which  can  give  a  rough  estimate  of  the  p  value  without  requiring  detailed  cavity  mode  calculation.  The  predictions  from  this 
expression  agree  quantitatively  with  the  experimental  results  for  both  the  InGaAsP/InGaAs  micro-lasers  at  the  1.5pm 
wavelength  and  the  InGaP/InGaAlP  micro-lasers  at  the  0.66  pm  wavelength. 

The  second  subject  of  our  study  is  to  investigate  the  far-field  emission  patterns  of  semiconductor  micro-disk  lasers913. 
Experimentally  we  fabricate  pedestal-suspended  micro-disk  lasers  along  the  wafer  cleaved  edge  so  that  the  reflected  lights 
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from  the  substrate  will  not  deteriorate  the  measurement.  The  far-field  distributions  along  both  the  0  and  (p  directions  are 
then  measured  by  a  scanning  detector.  Interesting  results  including  far-filed  emission  angle  narrowing  along  the  6  direction 
and  quasi-periodic  distribution  along  the  (p  direction  are  observed.  To  explain  the  observed  results,  we  have  derived  an 
expression  for  the  far-filed  distribution  in  the  cylindrical  coordinate  based  on  the  scalar  diffraction  theory.  The  predictions 
from  this  expression  agree  very  well  with  the  measured  data.  Rigorous  calculation  based  on  the  vector  diffraction  theory 
also  yields  similar  results. 

The  third  subject  of  our  study  is  to  investigate  the  lasing  linewidths  of  a  semiconductor  micro-cavity  laser  under  different 
pumping  levels'4.  Interesting  pump-power  dependence  of  the  lasing  linewidths  is  observed  for  both  the  micro-disk  and 
micro-ring  lasers.  We  find  that  the  usual  theory  of  laser  linewidth  is  not  enough  for  explaining  the  results  we  observe. 

The  fourth  subject  of  our  study  is  to  investigate  the  emission  properties  of  non-circular  micro-lasers15.  We  have  successfully 
fabricated  semiconductor  micro-cavity  lasers  that  have  non-circular  shapes  (i.e.,  a  pentagon  shape  micro-cavity  laser). 
Optical  lasing  still  can  be  achieved  for  these  non-circular  micro-cavity  lasers.  Again  their  far-filed  distributions  are 
measured  and  are  found  to  exhibit  interesting  properties. 

In  the  following  we  shall  present  the  details  of  our  experimental  and  theoretical  results  on  the  above  four  subjects.  We  will 
also  point  out  some  unexplained  phenomena  that  we  observed. 


2.  THE  SPONTANEOUS  EMISION  FACTOR 


The  spontaneous  emission  factor  p  is  defined  as  the  fraction  of  the  spontaneous  emission  that  falls  into  the  cavity  mode"1'2, 

0) 

YsP 

where  yc  is  spontaneous  emission  rate  into  the  cavity  mode  and  y  is  the  net  spontaneous  emission  rate.  For  a 
monochromatic  dipole,  the  Fermi  golden  rule  gives  the  following  expression  for  yc : 

Yc=^M2E\ra)pc(co)  (2) 

Here  n  is  the  dipole  moment,  and  E{fa  )  is  the  vacuum  field  amplitude  at  the  position  of  the  dipole.  Since 


As  an  estimate,  one  can  assume 
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with  Vm  being  the  cavity  mode  volume.  In  Eq.(2),  pc  is  the  optical  density  of  the  state  and  can  be  simply  estimated  by: 
p(o)  =  1  /  Aoc ,  with  Aoc  being  the  linewidth  of  the  cold  optical  cavity.  Practically  the  dipole  will  have  a  finite 
spontaneous  emission  linewidth  Aosp .  If  Aosp  «  Aoc ,  the  dipole  is  effectively  monochromatic  and  Eq.(2)  is  applicable. 
However,  if  Aosp  >  Aoc ,  we  need  to  multiply  the  spectral  overlap  factor  Aoc  /  Aosp  into  Eq.(2)  to  take  into  account 
the  spectral  broadening  effect.  For  our  micro-disks  and  micro-rings,  AXsp  is  about  30  nm  and  AXC  is  about  1  nm,  therefore 
this  spectral  overlay  factor  is  needed.  Please  also  note  that  the  mode  volume  Vc  is  not  necessarily  the  cavity  volume  Vm . 

Actually  Vm  »VCWRI  R  for  a  disk,  where  WR  is  the  width  of  the  whispering  gallery  mode  and  R  is  the  disk  radius.  To 
account  for  the  spatial  overlap  effect  between  the  mode  field  and  the  dipole  distribution,  we  need  to  add  a  spatial  overlap 
factor Vm  IV c  in  Eq.(2).  Finally,  it  is  reasonable  to  assume  that  the  total  spontaneous  emission  rate  ysp  for  practical 
semiconductor  micro-disks  and  micro-rings  is  roughly  the  same  as  the  bulk  value: 
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With  these  expressions,  we  finally  obtain 
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In  getting  Eq.(6),  we  have  multiplied  the  result  by  a  factor  of  1/3  to  account  for  the  randomness  in  dipole  orientation.  Eq.(6) 
actually  contains  an  interesting  physical  interpretation:  the  mode  counting  concept.  If  we  define  Nm  as  the  number  of  mode 
that  a  cavity  can  support,  then  a  reasonable  estimate  of  N  will  be  the  bulk  density  of  state  times  the  cavity  volume  times  the 
dipole  emission  linewidth.  After  some  algebra,  it  is  easy  to  find  that  the  P  factor  in  Eq.(6)  is  simply  equal  to  the  reciprocal 
of  N: 

P  =  —  (7) 

Nm 

With  this  interpretation,  one  can  estimate  the  P  value  simply  by  counting  the  mode.  As  an  example,  let  us  consider  a  micro¬ 
disk  with  a  diameter  of  3  ^im.  By  following  the  conformal  transform  and  WKB  analyses  detailed  in  the  literature,  we  find 
that  there  exist  four  modes  in  the  span  of  the  dipole  emission  spectrum.  The  four  modes  have  similar  field  distribution  and 
are  of  very  high  Q.  Therefore  the  mode-counting  method  will  predict  the  P  value  to  be  1/8  =  0.125.  The  additional  factor  of 
two  is  from  the  degeneracy  of  counterclockwise  and  clockwise  traveling  wave  modes.  When  applying  Eq.(7)  directly,  we 

obtain  P  =  0.121,  where  X  =  1.5  pm,  AXsp  =  30  nm,  and  n  =  3.4  are  used.  The  two  values  agree  well  with  each  other  and 

also  with  the  experimental  result  to  be  shown  below.  For  a  micro-ring,  it  supports  fewer  modes  than  a  micro-disk  of  the 
same  size  and  thus  will  has  a  larger  p. 

We  now  turn  to  the  question  about  how  to  determine  the  p  factor  experimentally.  From  the  rate  equation  model  of  a  single¬ 
mode  laser,  the  measured  pumping  power  Pm  and  the  measured  lasing  power  PL  at  the  steady  state  satisfy  the  following 
expression8: 

Pm=(c1/p)PL(l  +  /3c2PL)/(l  +  c2PL)  (8) 

Here  c}  and  c2,  are  two  unknown  constants.  By  fitting  the  measured  PL  versus  Pm  curve  with  this  expression,  one  can 
determine  the  p  value  unambiguously.  Figure  2(a)  and  (b)  plot  the  obtained  P  values  for  micro-disk  and  micro-rings  with 
different  disk  radius  or  ring  widths.  The  inverse  dependence  of  the  P  value  on  the  disk  radius  or  ring  width  is  very  obvious. 
The  solid  lines  in  both  figures  are  the  predictions  from  Eq.(6) .  The  agreement  is  very  excellent. 

3.  THE  FAR-FIELD  PATTERN  IN  THE  0  DIRECTION 


Figure  3(a)  illustrates  our  experimental  setup  for  measuring  the  far-field  distribution.  The  measured  distributions  along  the 
6  direction  for  micro-disks  with  two  different  radius  are  shown  in  figures  3(b)  and  (c).  The  symmetric  distribution  of  the 
two  figures  indicates  that  the  reflected  lights  from  the  substrate  do  not  interfere  our  measurement.  One  special  point  about 
the  two  figures  is  that  the  far-field  emission  angle  along  the  0  direction  is  much  narrower  than  the  prediction  from  the 
Fraunhofer  diffraction  formulation.  The  thickness  of  our  micro-disk  lasers  at  the  1.5  ^m  wavelength  is  0.2  /zm,  which  is 
much  narrower  than  the  optical  wavelength.  One  would  thus  expect  that  the  emission  angle  spreading  along  the  0  direction 
will  be  very  large  according  to  the  Fraunhofer  diffraction  formulation,  but  this  is  not  what  we  observed  in  figures  3(b)  and 
(c).  In  order  to  explain  the  observed  results,  we  have  developed  a  new  far-field  diffraction  formulation  in  the  cylindrical 
coordinate  based  on  the  scalar  diffraction  theory  and  the  stationary  phase  approximation.  The  final  fer-field  intensity 
distribution  along  the  6  direction  is  given  by9: 

2 

(9) 

where  R  is  the  disk  radius  and  F(kJ  is  the  inverse  Fourier  transform  of  the  near-field  distribution.  Eq.(9)  is  to  be  compared 
with  the  result  from  the  Fraunhofer  diffraction  formulation.  The  Fraunhofer  diffraction  theory  is  derived  for  a  planar  near- 
field  distribution  and  the  far-field  intensity  distribution  is  given  by: 
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The  main  difference  between  the  two  expressions  is  that  an  additional  factor  proportional  to  the  inverse  square  of  the 
Hankel  function  appears  in  Eq.(9).  This  additional  factor  signifies  the  geometry  difference  between  a  planar  near-field 
distribution  and  a  cylindrical  near-field  distribution.  For  practical  micro-disks,  this  additional  geometry  factor  in  fact 
dominates  in  determining  the  emission  angle  0FWHM.  Figure  3(d)  shows  the  comparison  between  the  theoretical  predictions 
from  Eq.(9)  and  the  experimental  results  from  figure  3(b)  and  (c).  The  agreement  is  very  excellent.  We  have  also  performed 
another  calculation  based  on  the  more  rigorous  vector  diffraction  theory.  The  obtained  results  are  also  similar,  as  also  have 
been  shown  in  figure  3(d).  Our  vectorial  analysis  also  verifies  that  the  polarization  of  the  far-filed  is  mainly  along  the  <p 
direction,  which  again  agree  with  experimental  observations.16 


4.  THE  LASING  WAVELENGTHS  AND  LINEWIDTHS  UNDER  DIFFERENT  PUMP  LEVELS 


In  this  section  we  present  our  experimental  data  on  the  pump  power  dependence  of  the  single  mode  lasing  wavelengths  and 
linewidths  for  both  micro-disk  and  micro-ring  lasers.  Figure  4  shows  a  series  of  experimentally  measured  single  mode 
emission  wavelengths  versus  the  pumping  power  for  3,  5,  8  pm  diameter  micro-disks  and  a  5  pm  diameter  micro-ring.  The 
horizontal  axis  is  the  pump  power  in  unit  of  the  threshold  pump  power,  P,h.  We  notice  that  the  emission  wavelength  is  blue 
shifted  as  the  pump  increases.  This  is  in  accordance  with  the  usual  carrier  dependent  index  effect.  As  the  pump  increases 
further,  the  wavelength  becomes  red  shifted.  Presumably  this  is  due  to  the  thermal  effect.  Figure  5  shows  the  corresponding 
emission  linewidth  versus  pumping  power  for  the  same  devices  used  to  obtain  figure  4.  The  data  points  are  plotted  in  solid 
squares.  Again,  the  horizontal  axis  is  the  pump  power  in  unit  of  the  threshold  pump  power,  P,h.  It  is  expected  that  the 
linewidth  will  decrease  as  the  pump  power  increases  from  zero  to  the  threshold  value.  The  reduction  by  a  factor  of  10  is 
observed  for  the  8  pm  diameter  micro-disk  at  the  vicinity  of  threshold.  However,  the  linewidth  remains  almost  unchanged 
as  the  pump  increases  further.  This  is  different  from  the  cases  of  conventional  single  mode  semiconductor  DFB  and  DBR 
lasers,  which  show  the  inverse  proportionality  with  the  output  power  when  the  alsers  are  pumped  above  the  threshold. 
However,  our  observation  agrees  with  the  report  of  Mohideen  et  al14.  They  attributed  this  finding  to  strong  interplay  with 
the  carrier  dynamics  when  the  spontaneous  and  stimulated  emission  rates  at  large  p  are  comparable  to  the  carrier 
equilibration  rates.  Theoretical  calculation  of  the  laser  linewidth  based  on  the  single  mode  rate  equation  analysis  gives  a 
well-known  expression  for  the  laser  linewidth: 

A  v  =  —  \yc  -  ffrs„(N  -  7V0)]  below  threshold  (11) 

2k 


A  v  =  —  [yc  -  J3r  (N  -  N0)] - — — — ^  above  threshold 
2k  2 
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where  a  is  the  lenewidth  enhancement  factor,  N  is  the  carrier  number  and  N0  is  the  transparent  carrier  number.  Results  from 
Eq.(ll)  and  (12)  are  plotted  in  solid  lines  and  are  superimposed  with  the  experimental  data  in  figure  5.  It  is  clear  that  the 
agreement  is  good  only  when  the  pump  power  is  near  or  less  than  the  threshold  pumping  value.  Our  study  indicates  that  the 
analysis  based  on  Henry  and  Schawlow-Townes  linewidth  formulation  is  not  adequate  for  the  semiconductor  micro-disks  or 
micro-rings.  More  sophisticate  analyses  are  needed  in  order  to  explain  these  observed  results. 


5.  NON-CIRCULAR  MICRO-LASERS  AND  THE  FAR-FIELD  PATTERN  IN  THE  <|>  DIRECTION 

To  investigate  the  possibility  of  obtaining  highly  directional  output  lights15,  we  have  fabricated  micro-cavity  lasers  of  a 
pentagon  shape  under  the  InGaAsP/InGaAs  system  at  the  1.55  pm  wavelength.  The  fabrication  procedures  are  the  same  as 
described  in  Section  1  except  a  pentagon  mask  pattern  is  used.  Figure  6(a)  shows  the  SEM  of  a  8  pm  outer-diameter 
pentagon  micro-laser  right  on  the  edge  of  the  cleaved  wafer.  Optical  lasing  still  can  be  achieved  for  this  type  of  lasers.  The 
lasing  spectra  as  well  as  the  output  versus  pump  curve  are  shown  in  figure  6(b)  and  (c).  The  experimental  results  we 
observed  do  not  give  an  obvious  5-peaks  far-field  distribution  around  the  <j>  direction,  as  one  might  expect  intuitively. 
Instead,  the  measured  far-field  emission  distribution  exhibits  quasi-periodic  distribution  as  shown  in  figure  6(d).  Similar 
quasi-periodic  distributions  actually  also  exhibit  in  the  measured  results  for  circular  micro-disks  of  different  disk  radius,  as 
have  been  shown  in  figure  6(e)  and  (f).  The  period  of  the  quasi-periodic  distributions  is  a  function  of  the  disk  radius  and  is 
not  equal  to  the  period  of  the  standing  wave  pattern  as  one  might  expect.  We  are  still  searching  for  a  reasonable  explanation 
for  these  observed  results. 
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6.  CONCLUSIONS 


We  have  presented  the  results  of  our  recent  investigation  on  semiconductor  micro-disk  and  micro-ring  lasers.  Properties 
about  the  spontaneous  emission  factor  and  the  far-filed  emission  pattern  of  these  micro-lasers  have  been  clarified  both 
experimentally  and  theoretically.  Some  interesting  results  about  the  lasing  linewidth  and  the  far-filed  distribution  along  the 
§  direction  are  experimentally  observed  and  further  studies  are  needed.  We  hope  these  results  can  serve  as  a  basis  for  future 
investigation  along  this  direction. 
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Figure  1:  (a)  Fabrication  of  pedestal  suspended  micro-disk  lasers;  (b)  Fabrication  of  epi-transferred  micro-disk  or 
micro-ring  lasers;  (c)  SEM  of  a  pedestal  suspended  micro-disk;  (d)  SEM  of  a  epi-transferred  micro-ring. 
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Figure  3:  (a)  Experimental  setup  for  measuring  the  far-field  pattern;  (b)  far-field  pattern  of  a  4.3  pm  micro-disk; 
(c)  far-field  pattern  of  a  8.2  pm  micro-disk;  (d)  Comparison  of  theoretical  predictions  with  the  experimental  data. 
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Figure  6:  (a)  SEM  of  a  pentagon  micro-laser  on  the  wafer  cleaved  edge;  (b)  pump-output  curve  of  a  5  pm 
pentagon  micro-laser;  (c)  Lasing  spectra  of  a  5  pm  pentagon  micro-laser;  (d),  (e),  (f)  far-field  patterns  along 
the  $  direction  for  different  micro-disk  and  micro-  pentagon  lasers. 
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ABSTRACT 

Ino  ,2Ga0  78N/In0  06Ga0  94N  multiple  quantum  well  (MQW)  microdisks  with  a  size  of  5.6  pm  in  diameter  have  been  fabricated  by 
photolithography  and  ion  beam  etching.  Time-resolved  photoluminescence  (PL)  has  been  employed  to  study  optical  transitions 
in  MQW  structure  and  microdisks.  The  dominant  emissions  from  both  MQW  structures  and  microdisks  were  from  localized 
exciton  transitions.  It  was  found  in  the  microdisks  that  the  low  energy  shoulder  of  the  PL  spectrum  was  quenched,  and  that  the 
spontaneous  emission  line  width  was  narrower  while  its  intensity  was  enhanced  with  respect  to  that  of  the  MQWs,  which  may 
be  related  to  microcavity  effects  in  the  microdisks.  A  blue  shift  of  the  PL  peak  from  the  MQW  microdisks  compared  with  that  in 
the  MQW  structures  was  also  observed,  and  can  be  understood  in  terms  of  a  reduced  piezoelectric  field  due  to  strain  relief  in  the 
microdisks.  Microdisks  with  grating  patterned  micro-couplers  around  the  disk  edges  were  also  fabricated  by  e-beam 
lithography  to  enhance  light  extraction  from  the  microdisks.  Near-field  scanning  optical  microscopy  (NSOM)  was  employed  to 
map  the  near-field  fluorescence  images  of  the  microdisks,  which  showed  a  strong  emission  preference  in  certain  directions.  The 
potential  applications  of  Ill-nitride  microdisks  for  optical  interconnects  and  integration  are  also  discussed. 

Keywords:  optical  microcavity,  optical  microdisk,  Ill-nitrides,  InGaN  MQW,  photoluminescence,  piezoelectric  field, 
optical  modes,  NSOM,  PL 


1.  INTRODUCTION 

The  study  of  optical  microcavities  is  very  important  both  in  terms  of  fundamental  physics  as  well  as  device  applications12.  Since 
McCall  et  al  demonstrated  optically  pumped  semiconductor  microdisk  lasers  in  19923,  the  microdisk  cavity  has  been  widely 
studied4'7.  Because  of  their  small  size  and  symmetry,  microdisk  lasers  have  advantages  over  edge  emitting  lasers,  including 
strong  optical  confinement  to  the  gain  region,  high  quantum  efficiency,  high  quality  factor  Q,  and  a  low  lasing  threshold8'10.  " 
Significant  improvements"  in  Ill-nitrides  have  led  to  rapid  progress  in  their  applications  in  optoelectronic  and  high- 
temperature/ po w er  electronic  devices.  InGaN  alloys  are  important  materials  and  attract  special  attention  because  of  their 
applications  in  UV/blue  light  emitting  diodes  (LEDs)  and  laser  diodes  (LDs).  The  emission  mechanisms  in  InGaN  alloys  and 
MQWs  are  currently  under  intensive  investigations. 

With  many  potential  applications  in  optoelectronics,  research  on  the  Ill-nitride  microcavity  has  become  an  intriguing  field. 
Recently,  several  types  of  nitride  microcavities  have  been  fabricated  and  investigated12'17,  including  microdisks,  microrings, 
and  micropyramids13- 14 .  Optical  resonance  modes  have  been  observed  in  both  GaN/AlGaN  and  InGaN/GaN  MQW  microdisks 
and  microrings  by  optical  pumping15'17.  An  enhancement  of  the  intrinsic  optical  transition  efficiency  was  also  observed  in  the 
GaN/AlGaN  microdisks. 

In  this  paper,  we  report  the  optical  properties  of  Ino^^ao^N/InooeGao^N  multiple  quantum  well  (MQW)  microdisks  with 
diameters  of  5.6  pm.  They  were  fabricated  by  UV  photolithography  and  ion  beam  etching.  Microcavity  effects  in  these 
microdisks  were  observed  and  investigated.  To  enhance  the  light  extraction  from  the  microdisks,  micro-couplers  with  grating 
patterns  around  the  disk  edges  were  fabricated  by  e-beam  lithography.  Preliminary  results  from  these  microdisks  with  micro¬ 
couplers  measured  by  near-field  scanning  optical  microscope  (NSOM)  are  also  presented. 

2.  MQW  MICRODISKS 


2.1  Experimental 

The  MQW  structure  was  grown  on  a  (0001)  sapphire  substrate  by  metal-organic  chemical  vapor  deposition  (MOCVD).  It 
consists  of  a  buffer  layer,  a  2.5  pm  GaN  epilayer,  and  an  In022Gao78N/In006Ga0()4N  MQW  structure  with  a  total  of  four  wells  and 
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five  barriers.  The  well  and  the  barrier  thicknesses  are  20  A  and  100  A  ,  respectively.  Photolithography  and  ion  beam  etching 
were  employed  to  fabricate  arrays  of  microdisks  with  diameters  of  5.6  pm  and  spacings  of  50  pm.  The  MQW  structure  was 
etched  down  to  the  sapphire  substrate  so  that  no  Ill-nitride  material  was  left  between  the  microdisks. 

Time-resolved  PL  spectra  were  measured  for  both  Ino^Gao^gN/Ino^Gao^N  MQW  structures  and  the  MQW  microdisks. 
Excitation  laser  pulses  with  a  pulse  width  of  about  10  ps  and  a  repetition  rate  of  9.5  MHz  were  provided  by  a  cavity-dumped  dye 
laser,  which  was  pumped  by  an  yttrium-aluminum-gamet  (YAG)  laser  with  a  frequency  doubler.  The  output  from  the  dye  laser 
was  frequency  doubled  again  by  a  second  frequency  doubler  to  provide  tunability  in  the  UV  region.  The  laser  output  after  the 
second  doubler  has  an  average  power  of  about  20  mW  and  a  tunable  photon  energy  up  to  4.5  eV.  The  laser  wavelength  chosen 
was  290  nm  and  had  a  spot  size  of  about  0.3mm.  The  PL  detection  system  consists  of  a  1.33m  monochrometer,  a  fast  micro- 
channel  plate  photo-multiplier-tube  (MCP-PMT),  and  a  single  photon  counting  system.  It  provides  a  spectral  resolution  of 
about  0.2  meV  and  an  overall  time  response  of  about  25  ps. 

2.2  Results 

Fig.  1  is  an  SEM  image  of  an  In0 ^Ga*, 78N/In006Ga0g4N  MQW  microdisk  with  a  diameter  of  5.6  pm.  Fig.  2  is  the  low- 
temperature  (10K)  cw  PL  spectra  of  a  MQW  (a)  structure  and  (b)  microdisk  under  similar  excitation  conditions.  The  peak 
position  of  the  dominant  transition  from  the  MQW  structure  was  at  2.778  eV.  Interference  fringes  located  at  the  lower  energy 
shoulder  (2.683  eV  and  2.573  eV)  were  also  observed.  In  comparison,  the  low  energy  shoulder  of  the  PL  spectrum  from  the 
microdisks  was  quenched,  and  the  line  width  was  narrower.  The  PL  peak  position  of  the  microdisks  was  at  2.83 1  eV,  which  was 
blue  shifted  by  an  amount  of  53  meV  with  respect  to  that  of  the  MQW  structures.  Taking  into  account  the  difference  in  the 
effective  pumping  areas  between  the  MQW  structures  and  the  microdisks,  the  PL  intensity  in  the  microdisks  was  enhanced  by  a 
factor  of  2.5  compared  with  that  of  the  MQWs.  The  observed  (i)  enhanced  quantum  efficiency,  (ii)  blue-shift  of  emission  peak 
position,  and  (iii)  narrower  line  width  in  microdisks  compared  with  those  in  MQW  structure  may  be  related  to  microcavity 
effects  in  the  microdisks. 

It  should  also  be  noted  that  a  red-shift  of  the  emission  spectra  was  observed  in  the  nitride  MQW  structure  compared  with  that  of 
epilayers,  which  is  now  understood  to  be  due  to  lattice  mismatch  induced  piezoelectric  or  crystal  symmetry  induced 
polarization  field  in  MQWs18'23. 


Fig.  1  SEM  image  of  an  In0>22Ga0i78N/In0>WiGa0_94N  MQW  microdisk  with  a  diameter  of  5.6  pm. 

Fig.  3  is  a  schematic  diagram  of  the  energy  levels  in  In022Ga078N/In006Ga094N  MQWs  (a)  with  a  strain  induced  piezoelectric  and 
(b)  without  a  piezoelectric  field.  For  the  MQWs  studied  here,  the  localized  exciton  transition  energy  is  determined  by  (a)  the 
energy  gap  of  the  InxGa(.xN  wells,  where  £^(eF)=3.4(l-x)+L9jc-3.2x:(l-ji:)  for  InxGa,_xN,18  (b)  the  quantum  confinement  energies 
of  the  electron  and  hole,  (c)  the  exciton  binding  energy,  (d)  the  exciton  localization  energy,  and  (e)  the  piezoelectric  field 
induced  energy  shift.  As  shown  in  Fig.  3(a),  the  energy  level  of  the  ln0  22Gao78N/In0  ^Gao  94N  strained  MQWs  was  decreased  by 
the  piezoelectric  field,  which  reduces  the  transition  energy  of  excitons  in  the  MQWs  and  also  increases  the  separation  of  the 
electron  and  hole  ground-state  wave  ftinctions,  i.e.,  causes  a  reduced  recombination  rate. 

A  finite  size  MQW  is  required  in  order  to  sustain  the  lattice  mismatch -induced  strain  and  the  piezoelectric  field.  It  is 
conceivable  that  strain  relief  would  occur  when  the  size  of  the  MQW  microdisk  is  smaller  than  a  critical  dimension.  In  that  case, 
the  piezoelectric  field  would  be  reduced  and  the  transition  energy  of  excitons  would  be  increased,  as  is  shown  in  Fig.  3(b).  If  this 
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Fig.2.  The  cw  PL  spectra  (T=10K)  measured  for  (a)  a  MQW  structure  and  (b)  a  MQW  microdisk. 


Fig.  3  Schematic  diagram  of  energy  levels  in  In^Ga^gN/In^Gao^N  MQWs  (a)  with  a  strain  induced  piezoelectric  field  and  (b) 
without  a  piezoelectric  field. 

is  the  case,  the  53  me  V  blue  shift  observed  in  the  microdisk  (Fig.  2)  corresponds  to  the  amount  of  energy  gained  when  strain 
was  relieved  in  microdisks.  The  amount  of  the  piezoelectric  field  in  the  1^  22Ga0  78N/In006Ga0  94N  MQW  can  thus  be  estimated 
as  53  mV! 20  ^=0.27  MV/cm.  This  value  should  represent  the  lower  limit  of  the  piezoelectric  field  strength  in  the 
In0  22Ga0  78N/In006Ga0  94N  MQW  since  most  likely  the  strain  is  only  partially  relieved  in  the  microdisks.  However,  this  value  is 
comparable  to  that  reported  previously18.  This  result  clearly  demonstrates  that  the  optical  properties  of  Ill-nitride  MQW 
microdisks  are  quite  different  from  those  of  MQW  structures. 

Figure  4  is  the  semi  -logarithmic  plots  of  the  decay  of  PL  measured  at  10K  for  both  a  MQW  structure  and  a  microdisk  at 
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t  (ns) 

Fig.  4  Temporal  response  of  the  intrinsic  exciton  recombination  measured  at  10K  for  In0  22Ga0  78N/In0  06Ga094N  MQW  and  microdisks 
structure  at  emission  energies  of  2.787eV  and  2.877eV,  respectively.  System  response  of  about  25  ps  is  also  indicated. 
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Fig.5.  Emission  energy  dependence  of  PL  decay  lifetimes  in  Ino  ^Gao^N/Ino  oeGao  ^N  MQWs  and  microdisks  measured  at  T=10  K. 
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emission  energies  of  2.787  eV  and  2.877  eV.  The  system  response  to  the  laser  pulses  (7ps  width)  is  indicated  as  “system”.  The 
decays  of  both  samples  are  single  exponential,  I(t)=I0exp(-t/  r),  where  r  defines  the  recombination  lifetime.  From  Fig.  4,  the 
decay  of  PL  emission  is  slower  in  the  MQW  microdisks  than  that  in  MQW  structures.  The  emission  energy  dependencies  of  the 
recombination  lifetimes  for  both  samples  are  plotted  in  Fig.  5.  It  was  observed  from  Fig.  5  that  the  PL  decay  lifetimes,  r,  are  in 
the  nanosecond  and  that  they  decrease  with  an  increase  of  emission  energy  for  both  MQWs  and  microdisks.  However,  the  decay 
lifetime  is  longer  in  microdisks  than  in  MQWs  for  all  emission  energies.  The  decrease  of  decay  lifetimes  with  emission  energy, 
dr/dE,  at  the  higher  energy  shoulder  for  microdisks  is  also  larger  than  that  of  MQWs. 

3.  MICRODISKS  WITH  GRATING  COUPLERS 

3.1  Design  and  Experimental 


Fig-6  Schematic  diagram  of  near-field  scanning  optical  microscope  (NSOM)  in  a  transmission  illumination  mode. 
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An  ideal  circular  microdisk  laser  emits  radiation  in  a  pattern  with  radial  symmetry  in  the  disk  plane,  which  is  also  called  a 
whispering-gallery  (WG)  mode  microdisk  laser.  In  this  case,  light  emission  is  confined  to  a  small  angle  centered  on  the  disk 
plane3.  However,  it  is  necessary  to  control  both  the  direction  and  intensity  of  the  light  output24  for  practical  applications,  such  as 
in  optical  interconnects  and  integration. 

In  order  to  couple  the  light  from  WG  mode  microdisks  directionally,  we  have  investigated  the  possibility  of  fabricating 
micro-couplers  on  top  of  the  microdisks.  Our  output  coupler  is  patterned  with  a  grating  structure  around  the  microdisk  edge 
with  a  period  of  roughly  8  WG  mode  wavelengths.  The  coupler  was  patterned  on  the  top  of  microdisks  by  using  raster  scan 
electron-beam  lithography  with  PCMS  negative  resist  material  (thickness  of  300  nm). 

A  commercial  near-field  scanning  optics  microscope  (NSOM-100;  RHK/Nanonics)25  was  employed  to  map  the  near-field 
fluorescence  images  of  the  microdisks  both  with  and  without  micro-couplers.  As  shown  in  Fig.  6,  the  microdisk  sample  was 
located  at  the  center  of  the  flat  xyz  scanner.  This  system  is  capable  of  taking  near-field  images  and  normal  force  (contact  mode 
or  AC  mode)  atomic  force  microscopy  images  simultaneously  using  the  same  cantilevered  tip.  The  flat  scanner  (Nanonics)  has 
a  scan  range  of  30  fim  in  the  x,  y,  and  z  directions.  The  fiber  probe  used  in  this  experiment  was  an  Al-coated  single  mode  fiber 
(A=630nm),  with  a  diameter  of  100  nm.  The  optical  signal  was  collected  by  a  sensitive  avalanche  photon-detector  (A PD) 
module  with  a  dark  count  of  less  than  100  counts  per  second.  We  used  the  transmission  illumination  offered  by  an  inverted 
microscope  (Olympus  1X-70),  since  the  sapphire  substrate  was  transparent.  The  light  source  was  a  100  W  Hg  lamp.  A  dichronic 
filter  cube  was  used  to  provide  a  band-pass  at  360-380  nm  for  the  excitation  as  well  as  for  transmission  of  fluorescence  with 
wavelengths  larger  than  400  nm.  Filters  1  and  2  in  Fig.  4  were  used  to  block  out  the  670  nm  regulation  laser  and  the  365nm 
excitation  laser,  respectively. 

3.2  Results 

Shown  in  Fig.  7  are  the  near-field  fluorescent  images  of  (a)  a  microdisk  without  a  micro-coupler,  (b)  a  plane  view  of  a  microdisk 
with  a  micro-coupler  grating  pattern,  and  (c)  a  perspective  view  at  a  constant  height  of  a  microdisk  with  a  micro-coupler  grating 
pattern.  The  near-field  fluorescent  images  were  acquired  in  constant-height  mode.  To  prevent  the  tip  from  crashing  into  the  disk 
edge,  the  fiber  tip  was  engaged  on  the  top  surface  of  the  disk  under  a  long-working  distance  objective  lens,  and  then  retracted  by 
adjusting  the  z-offset  voltage.  The  excitation  light  was  directly  guided  into  the  microdisk  area  with  an  output  intensity  of  1 5mW. 
The  illumination  laser  beam  was  unfocused  with  a  diameter  of  about  2-3  mm  (Fig.6).  For  both  plane  view  and  perspective  view, 


(a)  (b)  (c) 

Fig.7  Near-field  optical  images  of  (a)  a  microdisk,  (b)  a  microdisk  with  a  grating  coupler  (plane  view),  and  (c)  a  microdisk  with  grating 
coupler  (perspective  view  at  a  constant  height). 

Near-field  optical  microscopy  detects  the  non-propagating  part  of  the  wave  spectrum  and  provides  another  view  of  the  light 
distribution.  In  fact,  the  near-field  probe  acts  as  a  tiny  antenna  to  convert  the  non-propagating  evanescent  wave  into  a 
propagating  one,  which  is  subsequently  guided  to  the  APD  detector.  Hence,  the  bright  rings  in  Fig.  7b  at  the  disk  edge  represent 
the  local  evanescent-wave  distribution,  which  cannot  be  observed  by  far-field  microscopy. 

Compared  to  the  microdisks  without  micro-couplers,  the  microdisk  with  micro-couplers  has  a  much  brighter  ring  feature  around 
the  edge  of  the  disk  as  well  as  some  bright  illumination  along  the  radial  directions  of  the  microdisks.  This  indicates  that  the 
microdisks  with  micro-coupler  grating  patterns  have  a  strong  local  evanescent-wave  distribution  both  in  the  vertical  direction  as 
well  as  in  certain  directions  where  the  guided  structures  are  made  on  the  sample  surface.  This  result  indicates  that  the  micro 
couplers  patterned  on  the  top  of  the  microdisks  can  modify  and  select  radiation  patterns  without  degradation  of  the  Q  value  of 
the  microdisks. 
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4.  SUMMARY 


In  summary,  the  optical  properties  of  In0  22Ga0  78N/In006Ga()94N  MQWs  microdisks  have  been  investigated  by  picosecond 
time-resolved  PL  spectroscopy.  By  comparing  to  PL  spectra  from  In0.22Ga0.78N/In0.06Ga0.94N  MQWs,  our  results  have  suggested 
that  the  elastic  strain  was  relieved  and  thus  the  piezoelectric  field  was  reduced  in  microdisks.  An  initial  work  of  directional 
coupling  of  light  from  WG  emitting  modes  from  microdisks  with  micro-coupler  gratings  patterned  on  the  top  of  microdisks  was 
presented.  Our  results  provide  some  useful  information  for  the  future  Ill-nitride  microdisk  lasers,  which  have  many  potential 
applications  in  optoelectronics  r 
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ABSTRACT 

Optical  microdisk  is  based  on  circularly  symmetric  micro-resonator  and  featured  of  the  " whispering-gallery"  modes  with 
high  quality  of  factor  Q.  However,  the  non-preferred  directional  emission  and  lack  of  high  output  from  the  disk  are  its 
drawbacks  for  application.  Recently,  a  remarkable  advance  in  the  novel  deformed  microdisk  laser  at  middle-infrared 
wavelength  is  highly  attractive.  In  this  report,  as  a  preliminary  try  for  microdisk  at  visible  range,  the  InGaAlP  quantum  well 
(QW)  circular  cylindrical  and  deformed  microdisks  with  radii  about  2.5  to  10  pm  emitting  at  wavelength  of  0.62-0.67  pm 
were  prepared  by  electron  beam  lithography  and  wet  etching  processing  etc.  The  optical  emission  properties  of  these 
microdisks  are  studied  by  employing  the  scanning  electron  microscopy,  atomic  force  microscopy,  fluorescence  image 
microscopy  and  scanning  near-field  optical  microscopy  etc.  The  preferential  emission  in  these  deformed  microdisks  was 
visually  observed.  When  the  cross  section  of  microdisk  was  gradually  deformed  from  circle,  the  change  of  fluorescence 
image  from  uniform  ring  towards  2  or  4  favorable  emission  along  the  circumference  of  microdisks  was  confirmed.  The 
deformation  could  be  caused  by  either  the  shape  or  etching  profile  of  the  disk  waveguide.  In  addition,  the  microdisks 
patterned  with  some  microstructures  were  proposed. 


Keywords:  Optical  microcavity,  Optical  microdisk,  Optical  modes,  InGaAlP  QW,  Deformed  microdisks,  whispering- 
gallery  mode,  fluorescence  image 


1.  INTRODUCTION 

Optical  microdisk  is  a  disk-like  resonance  cavity  consisting  of  a  thin  layer  of  optica!  active  medium  with  size  of  the  order  of 
optical  wavelength.  As  one  of  the  typical  microcavities,  it  has  been  attracting  special  interest  since  the  pioneer  work  of 
InGaAsP/InP  microdisk  laser  by  the  group  in  AT&T  Bell  Lab  in  19921*5.  Due  to  the  strong  optical  confinement  to  the  gain 
region  by  the  configuration  of  the  waveguide,  high  quality  factor  Q  could  be  achieved  in  microdisks  Optical  microdisk  is 
promising  for  making  low  threshold  microlaser.  Being  distinct  from  the  conventional  Fabry-Perot  (F-P)  microcavity,  the 
micro-fabrication  of  microdisk  is  relatively  simplified  since  the  sophisticated  growth  of  distribution  Bragg  refraction  (DBR) 
mirrors  for  F-P  cavity  can  be  avoided.  However,  the  disk  mode  in  microdisk  is  much  more  complicated  than  that  in  F-P 
cavity.  The  mode  in  microdisk  is  featured  as  "disk  modes"  composed  of  Whispering-Gallery  modes  and  radial  modes6'11. 
They  are  realized  by  the  total  internal  reflection  of  the  light  along  the  circular  boundary  by  a  larger  difference  of  refractive 
index  between  the  disk  and  its  surrounding  medium.  The  non-preferred  symmetric  radiation  of  the  disk  optical  mode  leads 
to  lower  output  of  the  disk.  It  actually  is  a  big  problem  in  the  applications  of  microdisk  lasers.  To  get  directional  emission 
from  microdisk  should  be  one  of  the  important  projects  on  microdisk.  There  have  been  many  attempts  made  by  different 
research  groups12'15.  In  particular,  recently  Gmachl  etc.  of  Bell  Labs  and  Yale  scientists16  on  the  base  of  microdisk  achieved 
a  dramatic  result.  The  directionality  and  power  output  were  substantially  improved  by  imposing  a  flattened  quadrupolar 
deformation  onto  semiconductor  microdisk  lasers  emitting  at  wavelength  of  mid-infrared  5  pm  in  temperature  range  from 
40-100K.  As  they  emphasized,  the  approach  is  applicable  to  other  semiconductor  microcavities  at  visible  and  near-infrared 
wavelength.  Among  various  types  of  semiconductor  microcavity,  the  microdisks  emitting  at  visible  wavelength  is  very 
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interesting.  Recently,  we  have  successfully  fabricated  InGaP  thumbtack-like  microdisks  emitting  at  wavelength  of 
0.65pm17'18’20  as  well  as  Ill-nitrides  cylindrical  microdisks  on  short  wavelength7"919.  The  microcavity  effects  and  disk  modes 
in  these  microdisks  were  demonstrated. 

In  this  report,  we  present  our  preliminary  results  on  the  InGaAlP/InGaP  QW  circular  and  deformed  microdisks  with  radii 
about  2.5-10  pm  emitting  at  visible  red  wavelength  about  0.62-0.67  pm.  They  were  prepared  by  micro-fabrication  of 
electron-beam  lithography  and  wet  etching.  Scanning  electron  microscope,  atomic  force  microscope,  fluorescence  image 
microscope  and  scanning  near-field  optical  microscope  were  employed  to  study  the  emission  properties  of  the  deformed 
microdisks  at  room  temperature.  Our  preliminary  results  demonstrated  that  the  disk  emission  properties  were  modified  by 
the  disk  structure  in  three  dimensions. 

2.  InGaAlP  SQW  CIRCULAR  AND  DEFORMED  MICRODISKS 

2.1  Epitaxial  structures  of  InGaAlP  quantum  well  (QW) 

The  wafers  used  to  prepare  microdisks  were  epitaxially  grown  by  low-pressure  metal-organic  chemical  vapor  deposition 
(LP-MOCVD)  on  (100)  n+-GaAs  substrates.  Two  MOCVD  single  quantum  well  (SQW)  wafers  with  different  structures 
were  adopted.  The  waveguide  core  of  the  wafer  E  contains  a  SQW  of  ln05(Ga03Al07)05P/  In05(Ga()75Al025)0  SP/ 
In^GaojAlo  ^P.  The  thickness  of  well  and  barrier  is  5-6nm  and  500nm,  respectively.  The  SQW  is  sandwiched  between  a 
pair  of  cladding  layers.  The  upper  cladding  layer  is  In^  5A10  5P  with  thickness  about  0.1pm  and  lower  cladding  layer  is 
Gao3Al0  7As  about  0.35pm,  While  the  epitaxial  structure  of  the  wafer  V  contains  a  SQW  of  ln0  5(Ga0  3Al0  7)0  5P/  In0  5Ga0  5P/ 
In{)5(Ga03Al07)0  5P  with  the  thickness  of  well  and  barrier  lOnm  and  lOOnm,  respectively.  The  cladding  layers  in  wafer  V  are 
the  same  of  In0  5A105P  with  thickness  about  -0.3pm  on  the  top  and  0.8-lpm  at  the  bottom,  respectively.  Figure  I  is  the 
scanning  electron  microscope  (SEM)  image  of  wafer  V.  The  effective  refractive  index  and  electric  field  intensity  profile  in 
both  wafers  were  calculated  by  the  approximation  of  asymmetric  multi-layer  slab  waveguide.  The  effective  refractive  index 
of  both  wafers  is  estimated  to  be  3.37-3.38.  The  numerical  calculation  profile  indicated  that  a  peak  of  electric  field  is  located 
at  the  SQW  region  in  the  waveguide  with  the  vertical  optical  confinement  factor  T  about  0.96  and  072,  respectively. 
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Figure  1  Scanning  electron  microscope  (SEM)  image  of  the  cross  section  of  MOCVD  grown  InGaAlP  SQW  wafer  V. 

2.2  Fabrications  and  the  morphology  of  InGaAlP  SQW  circular  and  deformed  microdisks 

The  circular  and  deformed  mesa-like  microdisks  patterns  were  designed.  In  the  cylindrical  coordinate,  the  boundary  of  the 
deformed  disk  is  described  by  the  equation  of  p(40=PoD'f2e*cos(2<|>)]1/2,  which  was  the  same  as  Gmachl's  experiment16. 
Where  p(<{>)  is  the  distance  between  original  point  to  a  point  on  the  boundary,  (j)  is  the  angle  respect  to  the  axis,  p()  is  a 
constant,  while  s  is  the  deformation  parameter.  When  8=0,  the  disk  is  a  circular  disk  in  shape.  When  8  is  smaller  than  0. 1 5,  it 
looks  like  an  approximate  ellipse,  while  8  is  around  0.15-0.20,  it  looks  like  an  "flattemed"  quadrupolar  or  a  stadium.  For 
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different  £  but  a  fixed  p0,  the  total  area  of  the  disk  is  the  same.  In  our  experiments,  p0  was  chosen  from  3-10  pm  and  e  was 
varied  from  0  to  about  0.2 

In  general,  above  microdisk  patterns  could  be  produced  by  conventional  photolithography.  Because  of  electron-beam 
lithography  has  the  advantages  of  flexibly  producing  patterns  by  direct  writing-on  wafer  by  electron  beam.  It  was  adopted  in 
this  experiment  for  convenience  not  only  for  forming  a  variety  of  microdisk  patterns  with  different  size  and  configurations 
on  a  same  MOCVD  wafer  but  also  for  running  simultaneous  fabrication  processing  and  making  comparison  of  disk 
performance.  The  electron-beam  exposure  system  is  a  modified  scanning  electron  microscope  system  which  is  the  model 
KYKY  1010  scanning  electron  microscope  (SEM)  attached  a  Beam  Blanking  Unit  and  connected  to  a  personal  computer  by 
a  model  DA300  16-bit  4-channel  D/A  converter  (DAC).  A  2-dimensional  pixel  array  of  2 16  x  2 16  could  be  then  produced  by 
the  electron-beam.  The  different  patterns  are  obtained  on  the  samples  by  the  approaches  of  either  "vector  scan  mode"  or 
"raster  scan  mode"  controlled  by  the  patterning  file.  The  resist  PCMS  was  used  as  the  negative  electron  beam  resist.  About 
250-350  nm  thick  spun  on  and  patterned  PCMS  film  served  as  the  etching  mask  to  transfer  the  disk  patterns  on  the  same 
semiconductor  InGaAlP  SQW  wafer.  The  mixture  solution  of  Br2-methanol  was  used  for  wet  etching.  In  some  cases,  Ar  ion 
beam  milling  was  used  for  dry  etching.  The  etching  procedure  continued  until  the  materials  of  SQW  outside  the  pattern 
were  etched  off. 

In  our  experiments,  the  cylindrical  mesa-like  microdisks  (as  distinguished  from  the  thumbtack-like  microdisks)  with 
different  size  and  shape  were  fabricated  on  both  of  MOCVD  InGaAlP  SQW  wafers.  Their  depressed  diameter  and 
deformation  parameter  8  were  varied  from  5-20  pm  and  0  to  0.2,  respectively.  During  E-beam  "writing"  of  disk-patterns,  the 
deformed  disks  were  produced  with  their  elongated  diameter  oriented  at  0°  or  90°  with  respect  to  a  cleaved  edge  of  the 
wafer.  Fig  2  is  the  SEM  image  of  a  typical  InGaAlP  SQW  microdisk  with  the  deformation  parameter  8  about  0.2.  The 
morphology  of  the  deformed  microdisks  was  also  measured  by  atomic  force  microscope  (AFM)  model  Multimode  SPM 
Nanoscope  III  A  (Digital  Instrument).  The  AFM  and  SEM  results  confirmed  that  the  surface  was  flat  and  the  boundary  was 
smooth  in  most  of  the  microdisks.  The  elongated  (major)  and  depressed  (minor)  diameter  of  each  deformed  microdisk  were 
measured  by  SEM  and  AFM.  Deformation  parameter  8  was  then  estimated.  The  data  obtained  by  both  methods  were 
reasonably  comparable.  However,  in  order  to  avoid  the  effects  from  AFM  probe,  the  SEM  data  were  adopted  here. 


Fig  2  The  SEM  image  of  a  typical  InGaAlP  SQW  deformed  microdisk. 


2.3  Disk  emission  pattern 

The  fluorescence  (FL)  image  of  the  InGaAlP  microdisks  was  analyzed  by  a  CCD  mounted  fluorescence  microscope 
(Olympus  BX60)  system".  A  100W  mercury  lamp  is  utilized  as  the  light  source.  In  this  experiment,  the  excitation  light  was 
selected  from  the  lamp  in  the  green  range  of  wavelength  from  510-550  nm.  The  fluorescence  image  was  viewed  under  the 
vertically  incident  excitation  and  collection  through  a  fluorescence  filter  cube  and  a  numerical  aperture  0.90  microscope 
objective.  A  bright  red  fluorescence  image  of  microdisk  is  clearly  observed  and  recorded  by  computer  through  the  CCD 
acquisition  system.  According  to  our  previous  study,  the  observed  FL  image  of  micodisk  has  relations  to  optical  mode 
distributions  in  the  microdisk.  For  the  thumbtack-like  InGaP  microdisk,  the  bright  red  FL  ring  around  the  disk 
circumference  demonstrated  the  dominant  Whispering-Gallary  mode  in  the  disk.  While  in  the  cylindrical  mesa-like 
microdisk,  the  uniform  FL  background  on  the  surface  of  the  disk  revealed  the  co-existence  of  Whispering-Gallery  mode  and 
surface  emission  mode. 
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(a)  (b)  (c) 

Fig.  3  Three  different  types  of  fluorescence  (FL)  image  of  the  deformed  microdisks  on  the  wafer  E 
(a)  £=0.05;  (b)  8=0.14;  (c)  8=0.17 

Fig.  3(a),(b)  and  (c)  illustrate  three  different  types  of  fluorescence  (FL)  images  observed  from  the  deformed  microdisks 
#ED1,  #EA13  and  #EB13  which  fabricated  on  the  wafer  E,  respectively.  The  orientation  of  their  elongated  diameter  was 
parallel  to  one  of  the  cleaved  edge  of  the  wafer.  The  deformation  parameter  e  of  disks  #ED1,  #EA13  and  #EB13  is  about 
0.05,  0.14  and  0.17,  respectively.  As  distinct  from  the  uniform  bright  and  narrow  red  FL  ring  surrounding  on  the  circular 
microdisk,  it  becomes  not  uniform  and  is  broken  to  be  some  bright  curved  potions  located  at  circumference  of  the  deformed 
microdisk.  For  the  FL  image  of  slightly  deformed  disk  with  e  about  0.05  as  shown  in  Fig.  3(a),  the  intensity  of  FL  located  at 
the  edge  of  elongated  diameter  is  getting  stronger.  In  the  FL  image  of  disk  #EA13  shown  as  Fig.  3(b),  there  is  a  pair  of 
bright  short  curves  located  at  the  far  ends  on  elongated  diameter  of  the  deformed  microdisk  oppositely.  While  in  Fig.  3(c), 
the  FL  intensity  of  disk  #EB13  from  the  boundary  located  near  both  of  elongated  diameter  and  depressed  diameter  is 
obviously  vanished.  Simultaneously,  there  are  4  bright  red  FL  curves  on  the  circumference  symmetrically  located  in  the 
vicinity  of  ±45°  and  ±135°  respect  to  the  elongated  diameter.  In  this  sample,  since  the  orientation  of  the  elongated  diameter 
of  the  three  disks  were  parallel  to  each  other,  the  FL  image  characters  for  disk  of  different  sizes  are  mainly  depending  on 
their  deformation.  Gmachl  attributed  their  45°  peak  emission  from  deformed  microdisk  laser  (e=0.16)  to  the  origination  of 
bow-tie  mode.  Our  observation  in  Fig.  3  provides  interesting  information  on  the  similar  deformed  microdisks.  It  also 
indicated  that  the  deformation  parameter  8  dominantly  modified  the  FL  emission  pattern  of  deformed  disks  on  wafer  E.  Our 
scanning  near-field  optical  microscope  fluorescence  mapping  on  these  microdisks  is  underway. 


(a)  (b)  (c) 

Fig  4  The  FL  images  of  deformed  microdisks  made  on  InGaAlP  SQW  wafer  V 

(a) disk #V-A21,  e=0.04;  (b) Disk# V-B21, 8=0.1 1;  (c) Disk# V-C- 12, 8=0.20 


Fig  4  (a),  (b)  and  (c)  are  the  FL  images  of  deformed  microdisks  of  #V-A21,  #V-B21  and  #V-C12  made  on  another  InGaAlP 
SQW  wafer  V,  respectively.  The  elongated  diameters  of  both  disks  #V-B2I  and  #V-C12  in  Fig.4  (b)  and  (c)  are  parallel  to 
one  of  the  cleaved  edge  of  wafer  V,  while  the  elongated  diameters  of  disk  #V-A21  in  Fig.  4(a)  is  perpendicular  to  that 
cleaved  edge.  Therefore  the  depressed  diameter  of  #V-A21  is  parallel  to  the  elongated  diameters  of  the  two  other  disks  #V- 
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B21  and  #V-C12.  The  deformation  parameters  s  of  disks  #V-A21,  #V-B21  and  #V-C12  are  about  0.04,  0.11  and  0.20, 
respectively.  It  is  very  interesting  to  find  out  that  the  FL  images  of  disks  with  different  s  and/  or  orientation  made  on  same 
wafer  V  exhibit  quite  a  similar  feature  of  emission  pattern.  A  pair  of  red  bright  curves  located  at  the  far-ends  of  diameter, 
apart  180°,  occur  in  FL  images  of  all  the  disks  on  wafer  V.  The  axes  on  which  the  bright  emitting  pairs  located  are  parallel 
to  that  cleaved  edge  mentioned  above  for  all  three  disks,  no  matter  the  axes  are  parallel  to  elongated  or  depressed  diameters 
of  each  disk.  Furthermore  they  are  accompanied  with  the  4-red  less  bright  curves  similar  to  Fig.  3(c)  Additionally,  a  weak 
but  uniformly  red  FL  background  on  the  surface  of  the  microdisk  can  also  be  faintly  observed. 

The  side  view  SEM  images  of  the  deformed  microdisks  are  given  in  Fig  5.  It  may  provide  the  evidence  to  explain  the 
difference  of  the  results  on  wafer  E  and  V.  Fig  5  (a)-(b)  are  the  side  view  SEM  images  of  the  comer  of  the  elongated 
diameter  and  depressed  diameter  of  disk  #E-B13  (s  ~  0.17)  on  wafer  E,  respectively.  They  are  typical  side-wall  pictures  of 
the  disks  shown  FL  image  shown  in  Fig.3  (c).  While  Fig.  5  (c)  and  (d)  are  corresponding  to  the  disks  on  wafer  V. 

Because  of  the  anisotropy  of  the  wet  etching,  it  always  leads  to  the  different  etching  profiles  on  a  semiconductor  disk  mesa 
from  different  direction  for  side  view.  As  the  results  in  Fig.  5(b)  and  (d),  the  side  wall  is  a  slope  in  both  of  the  wafers  E  and 
V.  They  are  the  pictures  corresponding  to  the  region  on  depressed  diameter  of  all  the  disks  except  the  disk  #V-A2 1  made  on 
wafer  E  and  V,  respectively.  The  elongated  diameter  of  disk  #V-A21  and  the  depressed  diameters  of  all  the  others  on  their 
wafer  (V  or  E)  are  parallel  each  other,  respectively.  However,  along  the  another  direction  which  perpendicular  to  that 
cleaved  edge,  the  etching  profile  is  different  between  the  two  wafers.  In  Fig.  5  (a),  The  etching  profile  of  disk  is  nearly 
vertical  at  the  end  of  the  elongated  diameter  of  disk  on  wafer  E.  In  contrast  to  wafer  E,  the  undercutting  of  side  wall  appears 
on  wafer  V.  In  the  disks  on  wafer  V  in  our  experiment,  the  side  walls  of  depressed  diameter  for  #V-A21  and  elongated 


(c)  (d) 


Fig.5  The  side  view  SEM  images  of  the  deformed  microdisks 

(a)  part  of  disk  #E-B  13  at  the  elongated  diameter  (on  wafer  E) 

(b)  part  of  disk  #E-B  1 3  at  the  depressed  diameter  (on  wafer  E) 

(c)  part  of  disk  #V-A21  at  the  depressed  diameter  (on  wafer  V) 

(d)  part  of  disk  #V-A21  at  the  elongated  diameter  (on  wafer  V) 
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diameter  for  #V-B21  and  #V-C12  are  all  undercutted,  while  that  of  the  elongated  diameter  for  #V-A21  and  the  depressed 
diameter  for  #V-B21  and  #V-C12  are  slopes  as  shown  in  Fig.5  (c)  and  Fig.  5  (d),  respectively.  The  results  of  Fig.  4  and  Fig. 
5(c)  and  (d)  indicat  that  the  pairs  of  bright  FL  curves  are  always  located  at  the  undercutting  regions  in  wafer  V. 

The  different  etching  profiles  for  these  two  wafers  could  be  the  effects  of  etching  rates  on  GaAs  substrate  orientations  and 
the  quaternary  materials  with  different  compositions.  In  our  experiment,  the  GaAs  substrate  of  wafer  V  is  mis-oriented  6°off 
the  (100)  towards  the  nearest  (1 1 1),  while  wafer  E  tilts  less.  The  composition  and  thickness  of  InGaAlP  are  also  different  in 
the  two  wafers.  It  means  that  in  some  cases,  the  etching  profile  becomes  another  important  factor  on  the  disk  emission 
pattern. 


3.  DISCUSSIONS  &  CONCLUSIONS 

In  principal,  in  the  case  of  microdisks,  the  optical  field  concentrates  near  the  circumference  of  the  disk  by  the  totally  internal 
reflection.  The  optical  field  distribution  in  the  vertical  direction  of  the  disk  is  sensitive  to  the  waveguide  structure  in  the 
vicinity  of  their  circumference.  If  the  lower  cladding  layer  under  the  active  waveguide  region  is  getting  thinner  or  etched  off 
by  undercutting,  the  optical  field  profile  will  be  changed.  The  vertical  confinement  factor  in  the  upper  cladding  layer  will  be 
increased.  As  in  our  case,  assuming  the  layered  waveguide  of  wafer  V  is  changed  by  wet  etching,  the  thickness  of  lower 
cladding  layer  decreased  to  be  0.01pm.  The  confinement  factor  in  the  upper  cladding  layer  is  approximated  increased  to  be 

l.B  times  its  previous  value.  As  a  result,  the  FL  intensity  near  these  undercutting  region  should  be  increased.  The 
preferential  FL  emission  was  then  mainly  realized  by  the  asymmetrical  etch  undercutting.  However,  due  to  the  different 
structure  of  quantum  well  in  wafer  E,  the  effect  of  etching  profile  on  the  distribution  of  optical  field  intensity  is  relatively 
less,  the  deformed  boundary  shape  of  disk  from  circular  is  the  dominant  factor  to  the  directional  emission. 

From  the  point  view  of  the  waveguide,  microdisk  is  a  3-dimensional  confined  optical  waveguide.  Our  preliminary  results 
demonstrated  that  either  the  disk  shape  in  the  plane  of  the  disk  or  the  vertical  structure  of  the  disk  waveguide  could  strongly 
modify  the  disk  emission  mode.  Our  results  explicate  that  manifold  deformations  can  be  adopted  to  realize  directional 
emission  from  a  deformed  microdisk  in  the  visible  wavelength  material  systems.  Besides,  more  detailed  investigation  such 
as  optimizing  QW  structure  and  technique  procedure  as  well  as  disk  mode  measurement  and  analysis  are  in  progress. 

Based  on  the  above  preliminary  results  of  deformed  disk,  we  have  proposed  and  designed  microdisks  with  microstructure  on 
the  disk  formed  by  putting  symmetric  or  asymmetric  dielectric  medium  or  etching.  The  change  on  FL  pattern  is 
demonstrated. 
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ABSTRACT 

We  analyze  the  mode  behaviors  for  semiconductor  lasers  with  an  equilateral  triangle  resonator  by  deriving  the  mode 
field  distribution  and  the  eigenvalue  equation.  The  eigenvalue  equation  shows  that  the  longitudinal  mode  wavelength 
interval  is  equivalent  to  that  of  a  Fabry-Perot  cavity  with  the  cavity  length  of  1.5a,  where  a  is  the  side  length  of  the 

equilateral  triangle  resonator.  The  transverse  waveguiding  is  equivalent  to  as  a  strip  waveguide  with  the  width  of  a  / 
2,  and  the  number  of  transverse  modes  supported  by  the  resonator  is  limited  by  the  total  reflection  condition  on  the  sides 
of  the  equilateral  triangle.  Semiconductor  microcavity  laser  with  an  equilateral  triangle  resonator  is  suitable  to  realize 
single  mode  operation,  and  the  mode  wavelength  can  be  adjusted  by  changing  the  side  length. 

Keywords:  Resonant  cavity,  microcavity,  semiconductor  lasers,  single-mode  laser,  optical  resonance 


1.  INTRODUCTION 


Semiconductor  lasers  with  noncleaved  mirrors  and  ultra-low  threshold  operation  are  required  for  realizing  a  large-scale 
photonic  integration.  Semiconductor  micro-disk  lasers,  due  to  the  small  volume  of  the  active  region  and  the  spontaneous 
emission  control,  have  attracted  a  lot  of  attentions  and  significant  breakthroughs  have  been  achieved.1”5  A  photo¬ 
pumping  microring  laser  with  the  cavity  volume  of  only  0.27  pm3  was  realized  by  photonic  wire  structure,3  a  2-pm- 
diameter  GalnAsP  microdisk  injection  laser  was  realized  with  the  pulsed  threshold  current  of  0.2  mA.4  However,  the 
total  internal  reflection  of  the  whispering-gallery  modes  greatly  limits  the  output  power  and  its  directionality.  Recently, 
high  output  power  and  highly  directional  semiconductor  microlasers  are  achieved  from  a  deformed  cylinder  resonator 
with  bow-tie  resonance  modes,5  and  the  lasing  threshold  of  GaAs  microdisk  lasers  with  holes  pierced  through  the  disk 
surface  was  reduced  by  up  to  50  %  compared  to  a  disk  without  hole.6  Short-cavity  edge-emitting  lasers  with  deeply 
etched  semiconductor/air  distributed  Bragg  reflectors  are  also  employed  for  the  possible  integration  of  the  laser  devices 
in  photonic  integrated  circuits.7'10  A  short-cavity  laser  with  semiconductor/air  distributed  Bragg  reflectors  on  both  cavity 
ends  is  realzed  with  the  cavity  length  of  40  pm.10 

In  this  article,  we  manifest  that  semiconductor  microcavity  lasers  with  an  equilateral  triangle  resonator  are  suitable  for 
monolithic  integration  in  photonic  integrated  circuits  and  a  single  mode  operation.  We  derive  the  mode  field 
distributions  for  the  equilateral  triangle  resonator  and  the  corresponding  eigenvalue  equation.  The  eigenvalue  equation 
shows  that  the  equilateral  triangle  resonator  is  suitable  for  realizing  a  single  longitudinal  mode  operation,  and  the 
number  of  higher  order  transverse  modes  is  limited  by  the  total  reflection  on  the  sides  of  the  triangle. 
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2.  THEORETICAL  ANALYSIS 


For  an  equilateral  triangle  resonator  with  a  uniform  real  refractive  index  n  >  2  surrounded  by  the  air,  light  rays 
propagating  parallelly  with  the  sides  of  the  triangle  will  experience  totally  internal  reflectivity.  And  the  light  ray  will 
return  to  the  starting  point  after  six-time  reflections  on  the  sides  with  the  path  of  the  perimeter  3  a  of  the  triangle,  where 
a  is  the  side  length  of  the  triangle.  We  choose  the  x  -  z,  the  x'  -  z\  and  the  x"  -  z"  coordinate  system  as  shown  in  Fig.  1, 
with  the  z  -  axis,  the  z*  -  axis,  and  the  z"  -  axis  parallel  with  one  side  of  the  triangle,  respectively.  The  triangle  resonator 

is  formed  by  three  points  of  (. x ,  z)  =(  V3  a  /  4,  0),  ( -  V3  a  /  4,  -a/2),  ( -  VJ  a  /  4,  a/2)  in  the  x  -  z  plane.  The  mode  light 


Fig.  1  The  schematic  diagram  of  a  triangle  resonator  with  three  sets  of  the  coordinate  system,  the  x-z,  the  x'  -  z\  and  the  x"  -  zM 

planes.  The  sides  of  the  triangle  resonator  are  x  =  -  -n/3  ( z  -  a  /  4),  x  =  -  V3  a  /  4,  and  x  =  V3  ( z  +  a  /  4).  The  electric  fields  Exy  E& 
and  propagating  in  the  three  directions  are  also  marked.  The  dashed  lines  shows  the  equivalent  transverse  strip  waveguiding  by 
unfolding  the  mode  light  rays. 

rays  propagate  along  the  z-axis,  the  z'  axis,  and  the  z"  -  axis,  with  nonzero  electric  fields  Ex ,  Ex> ,  and  Ex .  in  the  triangle 
resonator,  and  the  fields  experience  total  internal  reflection  at  the  sides  of  the  triangle.  We  consider  the  field  distribution 
in  the  x  -  z  plane  for  TE  modes,  and  assume  that  the  y-direction  wavefunction  G(y )  is  already  solved  from  a  multilayer 
slab  waveguide  with  the  mode  index  of  N.  So  the  electric  fields  Ex ,  £*-,  and  Ex»  inside  the  resonator  satisfy  the  following 
wave  equation 


f  d2  d2  " 

^ dx 2  dz2  j 


Ex(x,z)  +  N2k%Ex(x,z)  =  0, 


(1) 


with  the  free  space  wave  number  k0  =  2n/  X.  We  express  the  wavefunctions  as  the  waves  propagate  along  the  z,  z\  and 
z"  directions  in  the  corresponding  coordinate  systems: 


Ex{ x,z)-  F{x )exp (ij3z). 

(2) 

Ex.  (  z' )  =  F{  x’ -  &  a  /  8  )exp (i/3z'  +  ifi). 

(3) 

Ex-  ( x",  z"  )  =  F(  x"-  &  a  /  8 )  exp {ipz"  +  ifo). 

(4) 

The  phase  term  V3  a  /  8  in  (3)  and  (4)  is  induced  because  the  original  points  of  the  x'  -  z\  and  the  x"  -  z"  planes  are  not 
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in  the  centers  of  the  corresponding  transverse  waveguides,  as  shown  in  Fig.  1.  The  transverse  wavefunction  F(x)  is 


F(x)  = 


cos  (/or) 
sin  (kx) 


even  mode, 
odd  mode. 


(5) 


which  is  assumed  strict  confinement  in  the  triangle  resonator,  i.e.,  cos  kx  =  0  and  sin  kx  -  0  at  the  side  x  =  -  V5  a  /  4. 
After  the  coordinate  system  transform,  we  get  the  electric  fields  Ex(  x,  z  ),  Ex>  (  x\  z' )  and  Ex«  ( x",  z" )  as 


Ex(x,z)  =  F(x)  exp(//?z), 


Ex<(x,z)  =  F 


Viz  _x  Via 
v  2  "2_  8  / 


exp 


Ex«(x,z)  =  F 


Viz  x  Vial 


exp 


.^z  .0Vix  .. 


(6) 

(7) 

(8) 


From  Eqs.  (5)  and  (6),  we  can  find  that  £*(  x,  z )  is  composed  of  exp(  iicc  +  /^z )  and  exp(  -  /xx  +  //fe  ),  and  the 
incident  angles  of  the  mode  light  rays  exp(  itcc  +  ifiz )  and  exp(  -  itcc  +  ifiz )  on  the  side  x  =  -Vi(z-a  / 4)  are  ax  = 
30°  -  tan'1  (a:/  ft )  and  a2  =  30°  +  tan‘l(Ar/  ft ),  respectively.  The  two  light  rays  impinge  the  side  at  different  incident 
angles,  so  they  will  have  different  total  reflection  phase  shifts.  The  phase  difference  0  between  the  reflected  wave  and 
the  incident  wave  for  the  TE  mode,  i.e.,  the  electric  field  situated  in  the  plane  of  incidence,  satisfies11 


,Q  7TS  V/V4  sin2  <2  -  N2 

tan(—  -  — )  = - 

22  cos a 


(9) 


Fig.  2  The  variation  of  the  phase  difference  between  the  reflected  and  the  incident  waves  is  plotted  as  a  function  of  the  incident 
angle. 

where  a  is  the  incident  angle.  Fig.  2  shows  the  phase  shift  0as  a  function  of  the  incident  angle  for  the  refractive  index  N 
=  3.2.  The  numerical  results  show  that  the  variation  of  the  phase  shift  with  the  incident  angle  is  rather  slow  around  the 
incident  angle  of  the  mode  light  rays  of  about  a=  30°.  Ignoring  the  reflection  phase  shift  difference  between  the 
incident  angles  a\  and  a2 ,  we  obtain  the  following  boundary  conditions  at  the  sides  of  the  equilateral  triangle: 
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Ex(x ,  z)exp(  z<90)  -  Ex{x ,  z)  =  0,  at  jc  =  -  VJ  ( z  -  a  /  4),  (10) 

isyfo  z)  exp(  /0O)  “  z)  =  0,  at  x  -  -  V?  a  /  4,  (11) 

Ex(x,  z)  exp(  z^o)  ’  z)  “  0,  at x  ^  V3(z  +  a/4).  (12) 

The  average  phase  shift  is  taken  to  be 

0O“(0i  +02)!2,  (13) 


where  6  \  and  <92  are  phase  shifts  corresponding  to  the  incident  angle  and  a2,  respectively.  Submitted  the 
wavefunction  Eqs.  (6)-(8)  into  the  boundary  conditions  (10)-(12),  we  obtain  an  eigenvalue  equation  for  the 
longintudinal  propagation  constant  p,  the  phase  terms  <j){  and  fa ,  which  are  dependent  on  the  transverse  mode 


distribution,  as 

3p\  a  +  60o  =  2  /  n,  1  =  2,4, 6, ....  (14) 

S  Kma  =  2m  n,  m=  1,3,5 .  (15) 

</>  i  =  3pa  /  8  +  2l\7T  +  6q,  (16) 

<f>2~  /  8  +  2127t+  26q,  (17) 

for  the  even  transverse  mode  cos kx,  and 

3  Pi  a  +  60o  =21 7t,  1=  1,3,5,....  (18) 

Vi  Km  a  =  2  mn,  m  =  2,4,6 .  (19) 

ip  i  =  3/?  a  /  8  +  (2/]  +  \)tt+  do,  (20) 

<p2  =  9/3  a  /  8  +  2liitJr  2Gq,  (21) 


for  the  odd  transverse  mode  sin/ec.  /  is  the  longitudinal  mode  index  and  m  is  the  transverse  mode  index,  m  =  1  is 
correspondent  to  the  fundamental  mode,  and  l\  and  l2  are  inter  numbers.  Following  the  transmission  of  the  mode  light 
rays  inside  the  equilateral  triangle,  we  find  that  the  incident  angle  at  the  sides  interchanges  between  a,  and  a2.  So  we  can 
expect  that  the  approximation  in  the  boundary  conditions  has  little  effect  on  the  eigenvalue  equation  for  the  longitudinal 
propagation.  From  N2  hf  =  f},1  +  tcm2  and  the  above  eigenvalue  equations,  we  obtain  the  mode  wavelength  as 

/  ^(/  -  30o  /  k)1  +  3w2 ,  l+m=  3,5,7,...  (22) 

Comparing  the  mode  wavelength  (22)  with  that  of  the  Fabry-Perot  resonator,  we  find  that  the  longitudinal  mode 
wavelength  difference  of  the  triangle  resonanor  is  equivalent  to  that  of  a  Fabry-Perot  resonator  with  the  cavity  length  of 
3 a  12.  From  the  longitudinal  mode  wavefunction  exp(i/fe),  we  can  construct  two-fold  degeneracy  longitudinal 
wavefunctions  of  cos (J5z)  and  sin (/&).  According  to  the  two-fold  degeneracy  in  the  longitudianl  wavefunction  and  the 
constrain  condition  on  the  mode  index  of  /  +  m  =  3,  5,  7, . . . ,  we  can  expect  that  the  mode  number  supported  by  the 
equilateral  triangle  resonantor  is  equal  to  that  of  a  Fabry-Perot  resonator  with  the  cavity  length  of  3a  12  and  the 

transverse  strip  width  of  V3  a  /  2.  However,  an  incident  angle  of  the  /nth  transverse  mode  at  the  side  of  the  triangle 
resonator  is  a  =  30°  -  sin'‘(K !Nk0\  and  the  light  rays  of  the  transverse  modes  cannot  be  confined  in  the  resonator  if  the 
incident  angle  a  is  less  than  the  critical  angle  of  total  reflection  ac  =  sin''(l/jV).  From  a  >  ac  and  (15),  we  obtain  the 
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number  of  transverse  modes  confined  by  the  triangle  resonator  as 


m  <  a[-^3(N2  -1)  -3]/ 2/1. 


(23) 


3.  NUMERICAL  RESULTS 

In  Fig.  3,  we  plot  the  confined  mode  wavelength  as  functions  of  the  side  length  a  under  00  =  5.856  and  N=  3.2.  The 
mode  number  is  marked  by  the  mode  index  of  ( /,  m  )  in  the  figure.  The  first  order  transvrese  mode  cannot  be  confined 


Fig.  3  The  confined  mode  wavelength  versus  the  side  length  of  the  equilateral  triangle  resonator  with  N  =3.2.  The  longitudinal  and 
transverse  mode  indexes  are  marked  as  ( /,  m  )  in  the  figure. 

in  the  equilateral  triangle  resonator  as  the  side  length  is  less  than  2.8  pm.  And  the  mode  wavelength  interval  of  different 
longitudinal  modes  is  larger  than  100  nm  as  the  side  length  a  <  2.8  pm,  so  semiconductor  microcavity  lasers  with  an 
equilateral  triangle  resonator  are  suitable  for  realizing  single  mode  operation.  For  an  equilateral  triangle  resonator  with  a 
=  4  pm,  N  =  3.2,  and  X  =  1.55  pm,  Eq.  (23)  yields  m  <  2.9,  i.e.,  we  only  have  the  fundamental  and  the  first  order 
transverse  modes  confined  in  the  resonator  around  X  =  1.55  pm.  The  confined  mode  wavelengths  are  A.30,  i  =  1.5693  pm, 
229, 2  =  1.6228  pm,  and  1.4975  pm  with  00  =5.856.  For  the  fundamental  mode  with  the  wavelength  of  X20, 

1.5693  pm,  the  incident  angles  of  the  mode  light  rays  on  the  sides  of  the  triangle  are  26°  and  34°,  and  the  corresponding 
phase  shifts  are  6  -  5.727  and  5.937.  The  phase  shift  difference  of  the  two  incident  angles  is  only  3.6%.  So  we  can 
expect  that  the  approximation  boundary  condition  with  the  same  phase  shift  is  rather  good,  especially  for  a  larger 
resonator.  Considering  the  two-fold  degeneracy  in  the  longitudinal  wavefunction,  we  have  two  modes  with  the  same 
mode  wavelength,  i.e.,  the  mode  wavefunction  Ex(  z )  =  coskijccos/?30z  and  cosArpcsin/?3oz  for  the  fundamental  mode 
k30j  i  =  1.5693  pm,  and  Ex(  x,  z )  =  s\rk2xcosJ32iZ  and  sin/^xsin/^z  for  the  first  order  transverse  mode  A3Ji  2  =  1-4975  pm, 
respectively.  The  mode  intensity  distribution  can  be  expressed  as 

M=[EX-  (£,.  +  £,.■) sin  306]2  +  [(£,  -  E^cosSO0]2 

=  Etx  +  Ey2  +  Ex-2  -  ExEr1  -  £*£,• "  Ex  Ex"-  (24) 

The  contour  plots  of  the  intensity  distributions  for  the  fundamental  mode  are  plotted  in  Fig.  4  with  the  Ex{  jc,  z )  of  (a) 
cosK]Xcosy#30z  and  (b)  cos/rptsin/^oz,  and  that  of  the  first  order  transverse  mode  with  thewavefunction  of  (a) 
sinK2*cos/?31z  and  (b)  sin/c2xsin/?3iz  are  plotted  in  Fig.  5. 
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(b) 

Fig.  4  The  contour  plots  of  intensity  distributions  for  the  fundamental  modes  in  the  equilateral  triangle  resonator  with  the  side  length 
of  4  pm  are  plotted  with  the  wavefunction  of  (a)  Ex  -  cos/c,*cosj3joz  and  (b)  Ex  =  cos/q.xsinAoz. 
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Fig.  5  The  contour  plots  of  intensity  distributions  for  the  first  order  transverse  mode  in  the  equilateral  triangle  resonator  with  the  side 
length  of  4  pm  are  plotted  with  the  wavefunction  of  (a)  Ex  =  cosxyxos&i z  and  (b)  Ex  -  cosxycsin/^z. 


4.  CONCLUSIONS 


We  have  derived  the  eigenfunctions  and  eigenvalues  for  the  modes  confined  in  an  equilateral  triangle  resonator.  The 
results  show  that  the  semiconductor  microcavity  lasers  with  an  equilateral  triangle  resonator  are  suitable  for  realizing  a 
single  mode  operation,  and  equilateral  triangle  semiconductor  lasers  are  an  idea  laser  source  in  photonic  integrated 
sircuits.  However,  two  degeneracy  modes  exist  with  the  same  mode  wavelength. 
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High  Energy  Photon  Lithography  for  Fabrication  of  Photonic  Device, 
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Photonic  crystals  and  other  photonic  devices  could  be  efficiently  produced  using  relatively  simple  and  cheap  Plasma  Focus 
Pinch  x-ray  point  sources,  similar  to  the  NX2  .  With  this  point  x-ray  source,  it  was  demonstrated  that  with  a  proximity 
printing  scheme,  feature  sizes  less  than  100  nm  could  be  reproduced  in  a  500  nm  UV3  CAR  layer. 

Submicron  lithography,  x-ray  lithography,  e-beam  lithography,  chemically  amplified  resists, 
high  aspect  ratio  structures,  soft  x-ray  sources.  Plasma  Focus  Pinch. 

1.  INTRODUCTION 

The  development  of  X-ray  lithography  was  initiated  by  D.L.Spears  and  H.I.Smith  in  1972  [1,2].  During  the  next  27  years  all 
the  main  components  of  this  technology  such  as  powerful  soft  x-ray  sources,  long-life  and  accurate  x-ray  masks  with  critical 
dimensions  down  to  100  nm  and  high  sensitivity  chemically  amplified  resists  were  succesfully  developed.  Nevertheless,  for 
application  of  this  novel  technology  to  commercial  production  of  VLS  microelectronic  devices,  some  complicated  hence 
expensive,  technical  problems,  still  need  to  be  solved.  These  are  connected  mostly  with  the  alignment  of  layers,  requiring  an 
accuracy  of  10%  of  the  critical  element  linewidth  over  a  relatively  large  area. 

However,  a  recently  developed  class  of  photonic  devices  can  be  successfully  fabricated  using  existing  x-ray  lithography 
technology.  This  is  because  a  large  part  of  these  devices  do  not  need  precise  alignment  of  layers.  A  big  number  of  photonic 
devices  could  be  built  using  artificial  2D  and  3D  photonic  crystals  with  structural  dimensions  smaller  than  the  wavelength  of 
visible  light  [3]. 

Such  photonic  crystals  could  be  efficiently  produced  using  relatively  simple  and  cheap  Plasma  Focus  Pinch  x-ray  point 
sources,  similar  to  the  NX2  [4,5].  With  this  point  x-ray  source,  it  was  demonstrated  that  feature  sizes  less  than  100  nm  could 
be  produced  in  a  500  nm  UV3  chemically-amplified  resist  (CAR)  layer. 

Small  size  but  high  accuracy  optical  elements  such  as  computer  generated  holograms  for  a  visible  and  infrared  light  and 
Fresnel  zone  plates  have  been  successfully  produced  by  e-beam  and  x-ray  microlithography  technology. 

Even  micromechanical  switch  technology  for  optical  fiber  devices  was  recently  developed  on  the  basis  of  high  aspect  ratio 
structure  microfabrication  technology. 

Maximum  resist  thickness  of  5  micron  could  be  exposed  with  1  nm  wavelength  soft  x-rays  from  the  Plasma  Focus  operated 
in  neon.  The  quality  of  exposure  depends  on  mask  contrast  and  critical  feature  size  since  exposure  decreases  with  depth  in 
the  resist. 

This  state  of  art  is  good  enough  for  the  commercial  production  of  2D  optical  crystal.  Furthermore,  x-ray  lithography 
provides  a  unique  possibility  to  produce  sub-lOOnm  structures  with  high  aspect  ratio;  for  example  70  nm  width  lines  in  a  2 
micron  resist  [6].  It  is  possible  to  do  exposure  at  an  oblique  angle  to  the  resist  surface. 

Therefore  modem  x-ray  lithography  techniques  could  be  efficiently  used  for  commercial  production  of  new  classes  of 
optical  devices  based  on  2D  and  3D  artificial  crystals,  at  critical  dimensions  not  achievable  with  optical  wavelengths. 
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2 .  SUBMICRON  STRUCTURES  FORMATION  IN  RESIST  LAYERS  WITH  X-RAY 
LITHOGRAPHY. 

One  of  the  most  powerful  technology  which  provides  structure  element  dimensions  to  100  nm  and  below  with  a  relatively 
high  output  and  low  cost  is  conventional  proximity  x-ray  lithography. 

At  the  very  beginning  of  its  development  it  was  demonstrated  that  at  small  gaps  between  x-ray  mask  and  wafer  exposed  the 
diffraction  and  shadow  blurring  of  the  image  transferred  could  be  done  much  smaller  then  100  nm  for  a  precise  submicron 
structures  fabrication.  PMMA  based  resists,  widely  used  for  demonstration  experiments,  have  the  intrinsic  resolution  better 
then  10  nm,  but  a  very  low  sensitivity  -  of  the  order  of  500  J/cm3  of  absorbed  energy.  Even  simple  soft  x-ray  tubes  with 
electrical  power  only  300  W  and  copper  anode  producing  1.3  nm  wavelength  irradiation  with  a  very  low  conversion 
efficiency  of  2  x  10  5  provide  a  reasonable  exposure  time  of  several  minutes  at  a  20  mm  distance.  To  replicate  a  sub-100 
nm  elements,  mask  has  to  be  brought  to  a  close  contact  with  resist  to  avoid  a  shadow  blurring  as  the  irradiation  spot  of  this  x- 
ray  tube  has  a  typical  dimension  of  1  mm. 

This  was  done  by  an  absorption  element  fabricated  directly  onto  the  resist  surface.  A  half-micron  photoresist  layer  was  spun 
on  PMMA,  exposed  with  UV  through  photomask  and  developed.  Then  a  heavy  absorption  material  (lead)  was  evaporated  at 
an  oblique  angle  onto  the  photoresist  structure  sidewalls.  The  thickness  of  the  evaporated  layer  was  only  100  nm  and  since 
the  walls  were  vertical,  the  thickness  was  also  the  width  of  masking  element  in  x-ray  exposure.  The  good  test  structure 
exposed  in  1.6  micrometer  PMMA  resist  layer  to  dose  1000  J/cm3  and  developed  in  1  :  4  MEK-  IPA  mixture  has  been 
obtained. 

Structures  produced  in  resist  have  near  vertical  walls.  As  linewidth  is  only  70  nm,  for  1.6  micron  resist  height  it  gives  aspect 
ratio  more  then  20.  This  experiment  demonstrates  that  it  is  easy  to  get  sub- 100  nm  resolution  for  single  standing  lines,  if  the 
technology  reproducibility  and  process  cost  are  not  under  discussion. 

For  single  standing  lines  it  is  even  possible  to  vary  its  width  by  the  proper  choice  of  exposure  and  development  parameters. 
For  instance,  for  positive  resists,  overexposure  and  overdevelopment  can  lead  to  linewidth  reduction. 

The  second  advantage  of  x-ray  lithography  is  the  possibility  to  expose  a  relatively  thick  resist  layer.  Submicron  resolution 
could  be  demonstrated  for  5-10  micron  resist  layers,  and  structures  with  several  micrometer  feature  size  could  be  produced 
even  in  200-500  micron  resist  layers.  The  main  limitations  for  these  thick  resist  layers  exposure  are  connected  with  x-ray 
absorption  in  resist. 

Potentially  efficient  and  cheap  x-ray  lithography  technology  for  sub-0.1  micrometer  feature  size  devices  can  be  realised 
already  with  a  powerful  plasma  focus  SXR  source  for  applications  not  requiring  precise  alignment  of  layers.  Examples  of 
such  devices  include  artificial  optical  crystals  and  single  domain  magnetic  media,  and  10-20  micron  thick  MEMS  and  micro- 
optical  elements  production  with  sub-micron  accuracy  to  replace  inaccurate  photolithography. 

This  simple  laboratory  equipment  (Figure  1)  is  used  for  more  than  15  years  for  technology  development  in  x-ray  lithography 
and  simple  single  layer  test  structures  production. 

Some  results  specific  to  x-ray  lithography  and  very  important  from  different  applications  point  of  view  were  demonstrated 
using  this  simple  equipment. 

X-ray  lithography  is  really  the  only  one  technology  (except  evaporation  and  ion  etching  at  oblique  angles)  which  gives  a 
possibility  to  work  on  an  exposed  wafer  in  a  direction  not  perpendicular  to  its  surface.  Other  submicron  lithography 
technologies  such  as  UV  and  e-beam  do  not  provide  this  possibility  because  of  a  very  small  depth  of  focus. 

In  the  case  of  x-ray  lithography  simple  tilting  of  the  mask  and  wafer  assembly  result  in  a  tilted  structure,  as  shown  in  Figure 


Such  exposure  at  an  oblique  angle  could  be  done  with  the  same  resist  layer  two  or  three  times  at  different  angles,  to  give  a 
really  three-dimensional  net  in  resist  bulk  during  development.  As  x-ray  lithography  has  a  submicron  resolution  and  a  very 
large  (10  to  50  micron)  depth  of  focus,  this  structures  could  work  as  an  artificial  3D  optical  crystals.  Photons  have 
demonstrated  the  same  behavior  in  such  artificial  photonic  crystals,  as  electrons  in  solid  state. 
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Numerous  works  were  published  recently  on  similar  three  dimensional  structures  production  technology  based  on  ion 
etching  at  oblique  angles.  But  x-ray  lithography  poses  a  much  higher  throughput  and  so  a  lower  cost.  Really  this  artificial 
photonic  crystals  can  be  one  of  the  main  applications  for  single  layer  x-ray  lithography  technology. 

A  very  large  (to  5  -  500  micron,  depending  on  wavelength)  penetration  depth  of  x-rays  in  resist  gives  a  possibility  to  expose 
thick  resist  layers  and  multilayer  resist  systems.  The  last  gives  possibility  to  produce  structures  with  undercut  or  slope 
sidewall  profile  if  resist  layers  have  a  different  sensitivity. 

There  is  an  x-ray  lithography  technology  in  which  a  two  different  sensitivity  resist  system  is  exposed  through  a  special  mask 
with  two  different  pictures,  formed  in  two  separate  masking  layers.  In  this  case  different  exposure  takes  place  under  different 
mask  zones.  Mask  contrasts  and  resists  sensitivities  are  chosen  in  such  a  manner,  that  after  exposure  and  development, 
instead  of  a  binary  resist  structure,  an  intermediate  height  structure  is  additionally  formed. 

SEM  pictures  of  test  structures  produced  in  2  and  3  layer  resist  systems  by  x-ray  exposure  are  shown  in  Fig. 3. 

3.  X-RAY  MASK  DESIGN  AND  TECHNOLOGY 

X-ray  mask  design  and  technology  is  still  under  development.  There  are  numerous  technical  problems  to  be  solved  for 
practical  application  of  already  existing  masks  for  VLSI  device  production.  These  problems  are  connected  mostly  with 
alignment  accuracy  for  large  area  exposure  zones.  Different  kinds  of  mask  distortion  caused  by  tension  in  its  layers  during 
its  production  and  usage,  complicate  these  problems. 

However,  for  single  layer  devices  where  high-precision  element  positioning  is  not  critical,  existing  masks  could  be 
successfully  used  for  a  0.1  micron  feature  size  device  fabrication. 

Two  types  of  x-ray  masks  (Figure  4)  were  used  in  our  experiments.  For  thick  resist  layer  exposure  and  for  exposures  in 
which  we  have  to  be  sure  that  the  gap  between  mask  and  resist  does  not  exceed  2-3  microns,  a  polymer  membrane  with  0.5 
-0.8  micron  gold  masking  layer  on  it  was  used.  At  the  beginning  of  exposure,  a  mask  gets  an  electrical  charge  because  of 
photoelectrons  emission  from  its  surface  and  attracts  to  the  resist  due  to  electrostatic  forces. 

These  masks  have  a  several  micrometer  element  positioning  run-out,  but  are  cheap,  long  life  and  could  be  useful  for  some 
applications.  Test  structures  formed  in  thick  resist  layers,  including  multi-layer  resist  systems  were  produced  using  this  type 
of  masks  as  shown  in  Figure  5. 

Another  type  of  x-ray  masks(Figure  4)  was  employed  for  high-resolution  experiments  and  was  designed  in  a  conventional 
manner.  Silicon  wafers  with  100  nm  SiaN4  membrane  windows  from  FASTEC,  UK  were  covered  with  Cr-Au  electroplating 
base.  Positive  type  PMMA  or  negative  AZPN114  resists  were  spun  on  this  surface  with  film  thickness  from  0.3  to  0.7 
micron  and  structure  was  exposed  with  30  kV  electron  beam  at  JEOL  820  SEM  modified  for  e-beam  lithography 
experiments.  Then  gold  was  electroplated  to  thickness  150  -  500  nm  using  a  conventional  electroplating  technique.  SEM 
pictures  of  masks  with  resolution  test  structure  and  Frenzel  zone  plate  are  given  in  Fig.  6  . 

4.  CHEMICALLY  AMPLIFIED  RESISTS  IN  X-RAY  AND  E-BEAM  SUBMICRON  LITHOGRAPHY. 

The  main  progress  in  submicron  lithography  technology  development  in  recent  years  is  the  result  of  Chemically  Amplified 
Resists  (CAR)  development.  These  resists  provide  sub- 100  nm  resolution  and  have  sensitivity  10-100  times  higher  then 
conventional  PMMA  resists. 

CARs  have  much  higher  resistance  to  plasma-chemical  etching  and  good  thermal  stability.  The  only  one  disadvantage  of 
positive  CARs  is  “T”-topping  effect,  caused  by  the  neutralization  of  the  acid  produced  during  exposure  by  the  airborne 
contamination  in  the  upper  resist  layer.  For  negative  CARs  the  main  technological  troubles  are  connected  with  its  poor 
adhesion  to  substrate  and  some  swelling  during  development  if  exposure  is  smaller  than  optimal. 
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CARs  are  very  flexible  from  application  point  of  view  as  could  be  spun  with  thickness  from  40  run  to  0.5  mm,  exposed  with 
UV,  e-beam  and  x-rays.  The  last  makes  possible  mix-and-match  technology  application  to  CARs.  Resists  have  good 
mechanical  properties  and  could  be  used  for  good  3D  structures  production.  Here  we  mean  structures  which  have  a 
significantly  different  resist  thickness  at  different  areas,  of  a  complicated  special  profile  of  structures  walls  i.e  undercut  or 
slope.  For  micromechanics  and  optics  applications,  special  self-supporting  structures  are  very  important.  It  was 
demonstrated  that  different  type  of  self  supporting  structures  could  be  easily  produced  in  a  relatively  thick  single  layer 
AZPN114  CAR. 

To  produce  a  3D  structure  in  a  single  layer  resist  it  is  necessary  to  use  two  (or  more)  exposures  with  agents  having  a 
different  penetration  depth.  For  example,  in  experiments  described  in  Ref  [7],  a  2  micron  resist  layer  was  exposed  with  30 
and  5  kV  electron  beams.  The  penetration  depth  of  a  30  kV  electron  beam  is  more  then  2  microns,  so  irradiation  with  this 
high  energy  electron  beam  produces  a  homogeneous  exposure  for  the  all  resist  depth.  On  the  contrary,  5  kV  electrons  have  a 
range  in  the  resist  or  the  order  of  0.5-0.6  micron  only,  and  with  this  energy  e-beam  exposure  is  produced  in  the  upper  resist 
layer  only.  After  these  two  exposures,  Post  Exposure  Baking  (PEB)  and  development  we  get  self-supporting  structures. 
SEM  pictures  of  this  structures  are  given  in  Figure  7. 

Self-supporting  structures  similar  to  those  in  the  left  picture  (Figure  7),  especially  produced  in  a  transparent  media  like 
resist,  could  be  used  as  an  optical  microfibre  or  a  3D  grating.  A  relatively  large,  flat  structure  connected  to  the  supporting 
basic  structure  with  its  edge  only,  as  it  is  shown  in  the  right  picture(Figure  7),  could  probably  be  used  as  a  micromirror  array 
for  optical  beam  deflection  or  modulation. 

This  experiment  with  e-beam  exposure  just  illustrates  the  general  idea,  how  to  produce  3D  structures  in  a  single  layer  resist  - 
two  (or  more)  exposures  with  different  penetration  depth  are  required.  If  structure  has  to  be  produced  in  a  thicker  resist  layer 
(more  then  5  micron)  x-ray  lithography  has  be  used  for  whole  thickness  layer  exposure.  Electrons  with  different  energies 
from  1  to  100  keV  could  be  used  for  a  structure  production  in  the  upper  resist  layer. 

Irradiation  with  soft  x-rays  (0.8  -  4.4  nm)  also  could  be  used  for  a  structure  exposure  in  the  upper  resist  layer.  The  thickness 
of  the  exposed  layer  will  be  determined  in  this  case  by  the  x-ray  absorption  coefficient,  dose  and  resist  sensitivity.  Varying 
exposure  it  will  be  possible  to  adjust  the  thickness  of  the  upper  structure  layer.  This  will  provide  an  extra  flexibility  to  the 
method. 

Negative  CARs  have  an  additional  useful  property  in  optics  application.  After  exposure  and  postbaking,  the  resist  base  is 
crosslinked.  Usually  it  leads  to  a  polymer  free  volume  reduction  and  so  to  the  increase  of  its  density.  Refractive  index 
increases  slightly  in  this  case.  For  some  optical  applications  this  rise  could  be  big  enough  to  change  optical  properties  of  the 
media.  Even  without  development  it  could  be  possible  to  produce  some  “flat”  optical  elements  similar  with  lenses,  gratings 
and  waveguides. 


5.  APPLICATION  OF  A  PLASMA  FOCUS  SOFT  X-RAY  SOURCE  TO  LITHOGRAPHY 
TECHNOLOGY. 

Soft  x-ray  tubes,  used  in  simple  lithography  possibilities  demonstration  experiments,  have  a  very  low  x-ray  output  because  of 
a  low  electron  beam  power  to  x-rays  conversion  efficiency. 

For  copper  anode  and  acceleration  voltage  of  8  kV  the  efficiency  is  only  2  x  10‘5.  For  mask  to  resist  gaps  suitable  for 
practical  use  (from  10  to  20  microns)  and  resolution  better  than  100  nm,  distance  between  point  x-ray  source  and  mask  has 
to  be  at  least  10  cm.  This  leads  to  exposure  time  of  several  hours  for  conventional  positive  resists. 

To  put  x-ray  lithography  in  practice,  it  is  necessary  to  use  a  high  sensitivity  Chemically  Amplified  Resists  and  more 
powerful  soft  x-ray  sources.  In  our  work  we  used  a  plasma  focus  device  for  x-ray  lithography,  and  investigate  CARs 
application  to  soft  x-ray  lithography. 

Experiments  in  x-ray  lithography  technology  were  carried  out  at  NTU  using  a  specially  designed  plasma  focus  device  NX2 
[4,5],  shown  in  Figure  8. 
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The  NX2  is  a  plasma  focus  x-ray  source  operated  in  neon  gas.  The  capacitor  bank  consists  of  48  capacitors  with  a  total 
capacity  of  30  pF.  The  capacitors  are  charged  to  a  maximum  11.5  kV  by  ALE  model  802  chargers  with  a  total  power  of  32 
kW. 

The  short  circuit  rise  time  is  1  ps.  The  on-load  current  peaks  at  400  kA  at  a  repetition  rate  up  to  16  shots  per  second. 

The  SXR  from  the  plasma  focus  point  source  goes  through  the  hole  in  the  bottom  of  the  anode  and  passes  through  a  magnet 
trap,  which  deflects  and  absorbs  the  high  energy  electrons  ejected  from  the  pinch.  Low  energy  and  scattered  electrons  and 
UV  radiation  are  blocked  with  a  10  pm  Be  foil  located  at  an  entrance  aperture  of  the  x-ray  mask  and  wafer  holder. 

The  NX2  produces  maximum  20J  of  SXR  per  shot  at  16  shots  per  second  giving  up  to  300W  of  SXR  power.  For 
demonstration  purposes  even  operation  at  the  50W  level  provides  a  required  exposure  dose  in  a  reasonable  time  and  reduces 
the  anode  overheating  damage  problems.  The  effective  radiation  source  size  is  less  than  0.5  mm.  At  a  working  distance  from 
20  to  40  cm  and  mask-to- wafer  gap  of  10  microns  the  shadow  blurring  is  below  20  nm.  Irradiation  x-ray  spectrum  of  the 
neon  plasma  is  shown  in  Figure  9. 

This  wavelength  range,  0.8  -  1.4  nm,  with  the  strongest  emission  lines  between  1  and  1.4  nm,  provides  mask  contrast  better 
than  10  for  the  0.3  micron  gold  absorption  layer.  So,  all  the  main  parameters  of  NX2  such  as  radiation  spectrum,  source  spot 
size  and  SXR  power  meet  the  technological  requirements  of  the  x-ray  lithography  for  a  laboratory  application. 

For  demonstration,  our  test  x-ray  masks  consist  of  0.3  pm  Au  structure  with  lines  to  0.2  pm  and  gaps  below  0.1  pm 
electroplated  on  0.1  pm  Si3N4  membrane  with  Cr-Au  (5  and  20  nm)  electroplating  base.  Exposure  was  done  with  close 
contact  between  mask  and  resist,  (no  special  extra  spacer  was  used)  to  provide  the  highest  possible  resolution.  Resists  soft 
baking,  post  exposure  baking  and  development  were  done  in  a  conventional  way  [Figure  10].  We  used  UV3  CAR  for  this 
demonstration. 

It  is  well  known  from  experiments  in  e-beam  lithography  that  both  AZPN114  and  UV3  have  a  resolution  better  then  0.1  pm 
for  0.3-0.5  pm  layers  and  sensitivity  20  to  50  times  higher  then  conventional  PMMA. 

The  main  problems  for  such  high  aspect  ratio  structures  formation  are  the  poor  adhesion  of  negative  resist  and  swelling 
during  development,  if  exposure  is  not  big  enough,  and  a  "T"-topping  effect  for  positive  resist. 

Resist  in  gaps  slightly  below  0.1  pm  is  not  removed  completely  at  the  groove  bottom.  It  can  be  explained  first  of  all  by  the 
gap  dimension  dependence  of  the  dissolution  mechanism  -  the  narrower  the  gap,  the  slower  the  development  of  the  resist 
and  the  slower  the  motion  of  the  dissolved  resist  molecules. 

But  more  likely  this  effect  is  connected  with  CAR  nature  of  the  resist.  During  x-ray  exposure  all  lines  despite  of  their  width 
are  irradiated  with  the  same  dose.  Dose-on-linewidth  correction  is  impossible.  In  our  case  the  width  of  the  exposed  line  is 
comparable  with  a  diffusion  length  of  the  acid  molecules  produced  during  exposure.  The  concentration  of  the  acid  molecules 
can  reduce  significantly  in  the  exposed  zone  because  of  their  drift  outside  this  zone.  It  leads  to  a  linewidth  dependant 
dissolution  rate  reduction  for  lines  below  0.1  pm. 

So,  proximity  exposure  of  thin  positive  CAR  layers  with  SXR  on  NX2  plasma  focus  station  provides  resolution  to  0. 1-0.2 
pm  with  a  reasonable  exposure  time. 


6.  CONCLUSION 

Although  x-ray  lithography  is  still  not  widely  used  for  VLSI  semiconductor  device  production,  it  can  be  very  useful  and 
competitive  for  a  single  layer  device  production.  For  application  in  optics  this  single  layer  structure  could  be  made  3D  even 
in  one  resist  layer.  For  commercial  applications  relatively  simple  and  low  cost  plasma  focus  stations  could  be  used  for 
highly  efficient  soft  x-ray  production.  To  increase  the  throughput,  resists  with  chemical  amplification  have  be  used. 
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A  big  variety  of  optical  devices  could  be  produced  by  x-ray  lithography  -  lenses  and  zone  plates,  gratings  and  wavegides, 
micromechanical  optical  fibers  switches  and  connectors,  flat  panel  deflectors  and  modulators. 

But  the  most  promising  application  of  the  already  existing  x-ray  lithography  technology  is  artificial  3D  optical  crystals 
production. 
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Figure  1.  X-ray  lithography  system  .  1-  electron  gun,  2-  anode,  3-  x-rays,  4-  vacuum  window,  5-  exposure  chamber,  6-  x- 
ray  mask,  7-  substrate  with  resist,  8-  X-Y-Z  stage. 
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Figure  2.  Tilted  structures  exposed  in  3  um  PMMA  layer  with  polymer  mask  providing  only  2  um  masking  layer  -  resist 
gap. 


Figure  3.  Test  structures  with  undercut  (left)  and  slope  (right)  sidewall  profile  produced  by  x-ray  exposure  in  2  and  3  layer 
resist  systems. 
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Figure  4.  Schematic  diagram  of  Polymer  (left)  and  Si3N4  (right)  membrane  x-ray  masks  technology. 


Figure  5.  SEM  picture  of  a  masking  layer  for  a  polymer  membrane  x-ray  mask  and  its  replica  in  4  um  PMMA  layer 
produced  by  Cu-anode  1.3  nm  wavelength  x-ray  tube. 


Figure  6.  SEM  pictures  of  gold  masking  structure  formed  on  100  nm  Si3N4  membrane,  left  - 

resolution  test  structure  with  a  minimal  linewidth  to  80  nm,  right-  zone  plate  structure  with  an  outer  zone  width  60  nm. 
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Figure  7.  Self-supporting  structures,  produced  in  AZPN114  CAR  with  5  and  30  kV  e-beam  exposure. 
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Figure  8.  Schematic  diagram  of  the  NX2. 


SESSION  6 

Photonic  Bandgaps 


Invited  Paper 


3-D,  Silicon,  Infrared,  Photonic  Lattices 

J.G.Fleming*  and  Shawn-Yu  Lin** 

*Org  1723,  MS  1084 
**Org  1712,  MS  0603 
Sandia  National  Laboratories, 

P.O.  Box  5800  Albuquerque  NM  87185 


ABSTRACT 

Three-dimensional  photonic  lattices  are  engineered  “materials”  which  are  the  photonic  analogues  of 
semiconductors.  These  structures  were  first  proposed  and  demonstrated  in  the  mid-to-late  1980’s.  However, 
due  to  fabrication  difficulties,  lattices  active  in  the  infrared  are  only  just  emerging.  A  variety  of  structures 
and  fabrication  approaches  have  been  investigated.  The  most  promising  approach  for  many  potential 
applications  is  a  diamond-like  structure  fabricated  using  silicon  microprocessing  techniques.  This  approach 
has  enabled  the  fabrication  of  3-D  silicon  photonic  lattices  active  in  the  infrared.  The  structures  display 
bandgaps  centered  from  \2\x  down  to  1.55)i,  depending  on  pitch. 

Keywords:  Photonic  lattice,  Infrared,  Photonic  bandgap. 

1.  INTRODUCTION 

The  drive  for  miniature  photonic  devices  has  been  hindered  by  our  inability  to  tightly  control  and 
manipulate  light.  Moreover,  photonics  technologies  are  typically  not  based  on  silicon  and,  up  till  now,  only 
indirectly  benefited  from  the  rapid  advances  being  made  in  silicon  processing  technology.  In  this  work,  we 
overcome  the  disadvantage  of  silicon  inherent  in  its  electronic  structure  by  using  Si  processing  to  create  a 
3-D  silicon  photonic  lattice.  This  advance  has  been  made  possible  through  the  use  of  a  combination  of  IC 
(Integrated  Circuit)  fabrication  technologies  and  may  enable  the  penetration  of  Si  processing  into 
photonics. 

The  ability  to  confine  and  control  light  in  three  dimensions  would  have  important  implications  for  quantum 
optics  and  quantum-optical  devices:  the  modification  of  black-body  radiation,  the  localization  of  light  to  a 
fraction  of  a  cubic  wavelength,  and  thus  the  realization  of  single-mode  light-emitting  diodes,  are  but  a  few 
examples  ]‘3.  Photonic  crystals,  the  optical  analogues  of  semiconducting  crystals,  provide  a  means  of 
achieving  these  goals.  The  photonic  band  structure  results  when  light  encounters  a  well-defined  repeating 
arrangement  of  materials  with  differing  refractive  indexes,  see  for  example  Figure  1. 


Figure  1:  Oblique  scanning  electron 
micrograph  showing  a  7  layer  photonic  lattice 
fabricated  in  polysilicon  with  bandgap 
between  10  and  15  (X. 
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This  behavior  is  entirely  independent  of  the  electronic  properties  of  the  material  making  up  the  lattice,  as 
long  as  it  does  not  strongly  adsorb.  When  correctly  designed  and  fabricated,  such  structures  can  exhibit  the 
property  that  photons  with  the  bandgap  energy  cannot  penetrate  the  lattice,  regardless  of  their  angle  of 
incidence.  The  existence  of  photonic  bandgaps  was  proposed  over  a  decade  ago  4,5  and  was  quickly 
demonstrated  at  millimeter  wavelengths  using  macroscopic  repeating  structures  made  of  machined  rods  6,7 . 
However,  since  the  critical  dimensions  of  the  lattice  scale  with  the  wavelength  of  the  light,  a  reduction  in 
wavelength  to  the  infrared  requires  structures  with  minimum  feature  sizes  on  the  order  of  a  micron.  As  a 
result,  until  now,  fabrication  difficulties  have  stymied  research  in  this  area. 


In  this  paper,  we  shall  briefly  summarize  the  various  designs  of  3-D  photonic  bandgap  structures.  We  shall 
then  outline  the  various  fabrication  approaches  proposed  to  date,  concentrating  particularly  on  a  silicon 
processing  based  approach  which  lends  itself  to  integration  with  Si  processing  8’9.  We  will  then  provide 
experimental  details  of  the  properties  of  these  artificial  materials  and  outline  their  potential  applications. 

2.  DESIGNS 

Yablonovitch  4  and  John  5  first  proposed  the  photonic  lattice  concept  in  1987.  In  general,  the  idea  was  to 
modulate  photons  in  a  manner  similar  to  the  way  electrons  are  modulated  in  a  semiconductor.  This  is 
achieved  through  a  periodic  variation  in  refractive  index.  A  pseudo-gap  was  first  demonstrated  in  a 
macroscopic  FCC  (face  centered  cubic)  structure  with  spherical  air-atoms  10.  A  design  with  a  full  bandgap 
based  on  diamond  symmetry  was  proposed  by  Ho  et  al.  of  Iowa  State  University  6,7 .  This  design  consists  of 
a  series  of  dielectric  rods  all  aligned  parallel  to  each  other  with  a  pitch  equal  to  roughly  half  the  wavelength 
of  the  mid  point  of  the  bandgap  gap.  The  next  layer  is  laid  on  top  of,  and  orthogonal  to,  the  first.  The  third 
level  is  aligned  parallel  with  the  first,  but  translated  by  a  distance  equal  to  half  the  pitch.  The  fourth  level  is 
parallel  to  the  second,  but  is  again  translated  by  a  distance  of  half  the  pitch.  The  structure  then  begins  to 
repeat  itself,  Figure  1.  This  design  mimics  the  way  in  which  chains  of  atoms  are  lined  up  along  the  <1 10> 
directions  in  a  diamond  lattice.  The  resulting  structure  has  a  face-centered-tetragonal  (FCT)  lattice 
symmetry  of  which  FCC  is  a  special  case.  This  design  will  be  considered  in  most  detail  here  since  it  lends 
itself  to  fabrication.  A  different  design,  which  more  closely  mimics  the  arrangement  of  atoms  in  the 
diamond  structure,  but  which  is  more  difficult  to  fabricate  has  also  been  proposed  11 .  Similar  structures 
consisting  of  stacked  rods,  have  been  generically  described  as  “wood-pile”  structures  12.  Another  structure 
with  a  full  band  gap  has  been  proposed  by  workers  at  MIT  and  consists  of  a  series  of  offset  plates  inter- 
attached  by  a  series  of  columns  13.  The  simple  cubic  structure  is  also  predicted  to  have  a  full  gap  14.  An 
interesting  “triple-hole”  structure  has  also  been  demonstrated  15  and  will  be  considered  in  more  detail 
below.  We  at  Sandia  have  also  proposed  several  structures,  such  as  an  inverse  “stick  figure”  FCC  structure, 
as  well  as  inverse  “stick  figure”  HCP  and  other  high  symmetry  structures  which  demonstrate  photonic 
band  gaps  at  normal  incidence,  but  which  may  not  exhibit  full  bandgaps. 

During  the  evolution  of  these  structures  a  number  of  rules  of  thumb  have  been  developed.  Successful 
lattice  designs  have  large  contrast  in  refractive  index,  a  high  degree  of  symmetry,  and  interconnected 
regions  of  high  index  material.  While  the  theory  describing  the  properties  of  these  structures  has  now  been 
well  developed,  it  will  not  be  considered  here.  However,  it  should  be  noted  that  it  is  possible  to  completely 
describe  these  properties  using  Maxwell’s  equations.  However,  though  the  equations  can  be  solved,  the 
problems  are  of  a  complex  vector  form  requiring  detailed  code  and  extensive  computational  capabilities. 
Because  of  these  difficulties,  most  research  groups  tend  to  concentrate  their  efforts  on  a  single  structure  for 
which  they  have  developed  and  refined  the  code. 

3.  FABRICATION 

Over  the  past  decade,  several  of  the  designs  proposed  above  have  been  fabricated.  Since  the  dimensions  of 
the  lattice  scale  with  the  wavelength  of  light,  it  is  possible  to  fabricate  active  millimeter  regime  structures 
using  macroscopic  processes.  In  this  fashion  the  “Iowa”  state  structure  has  been  demonstrated  6,?.  The 
problem  in  reducing  the  dimensions  of  the  lattice  to  the  more  technologically  interesting  infrared  is  that  the 
minimum  feature  sizes  approach  the  micron  regime. 


The  first  approach  to  this  problem  was  the  “triple-hole”  technique  of  Yablonovitch  15.  In  this  approach,  a 
series  of  three  holes  are  bored  into  the  substrate  through  a  surface  mask.  The  holes  are  not  perpendicular  to 
the  substrate;  instead  they  are  at  an  angle  of  35  degrees  from  the  normal,  with  each  hole  rotated  120 
degrees  one  from  another.  The  end  result  is  a  series  of  interconnecting  holes  with  a  high  degree  of 
symmetry.  Since  each  hole  is  drilled  though  the  same  top-surface  mask,  only  one  photolithography  level  is 
required.  Using  e-beam  techniques  it  is  possible  to  obtain  the  minimum  feature  sizes  required  for  the 
structure  to  be  active  in  the  infrared.  However,  while  this  approach  was  extremely  innovative,  it  requires 
nonstandard  processing  and  the  performance  of  the  structures  did  not  meet  expectations,  possibly  due  to 
distortions  of  the  hole  shape  and  the  gradual,  cumulative,  deviation  from  ideality  inherent  in  such  a 
approach. 

Another  fabrication  approach  demonstrated  by  Noda  16  involves  the  use  of  wafer  bonding.  In  this  approach, 
etching,  wafer  bonding  and  selective  etching  build  up  the  layers  making  up  the  structure.  Alignment  is 
achieved  using  interference  techniques.  The  advantage  of  this  unconventional  approach  is  that  it  enables  the 
use  of  traditional  III-V  materials.  A  completely  different  approach  is  the  use  of  artificial  opals.  In  this 
approach,  close  packed  layers  of  mono-sized  spheres  are  laid  down  to  form  either  the  structure  or  mold  l718. 
The  advantage  of  this  approach  is  that  large  volumes  of  material  should  be  achievable  relatively  cheaply. 
Yet  other  fundamentally  different  approaches  have  been  the  use  of  deep  x-ray  lithography  to  form  a 
complex  3-D  mold  19,  and  the  use  of  two-photon  polymerization 20.  The  large  variety  of  different  fabrication 
techniques  reflects  both  the  difficulty  of  fabrication  and  the  interest  in  these  structures. 

The  approach  we  have  taken  in  our  work  8'9  has  been  to  employ  the  structure  extensively  studied  in  the 
millimeter  regime  by  Iowa  State  University  6’7,  and  fabricate  it  using  modified  silicon  integrate  circuit 
fabrication  processes.  In  the  work  described  here,  the  width  of  the  rods  was  targeted  initially  at  1.2p,  the 
height  of  the  rods  was  targeted  at  1.6|J.  and  the  pitch  of  the  rods  was  targeted  at  4.2p.  In  our  more 
aggressive  structure  the  width  was  targeted  at  0.1 8p,  the  height  at  0.22p  and  the  pitch  at  0.65|i.  We  have 
also  fabricated  intermediate  sized  structures.  The  bandgap  size  is  determined  by  the  dielectric  contrast  of 
the  two  different  materials  that  constitute  the  3-D  structure  and  by  the  filling  fraction  of  the  higher 
dielectric  constant  material.  The  index  contrast  in  our  case  is  between  polysilicon  and  the  surrounding  air 
and  is  therefore  -3.6:1,  or  in  the  case  where  the  sacrificial  silicon  dioxide  has  not  been  removed,  3.6:1.46. 

Two  different  processes  were  developed  in  the  course  of  this  work.  The  first  process  combined  a  series  of 
mold  definition,  mold  filling,  and  CMP  (chemical  mechanical  polishing)  steps  to  create  parts  with  a 
minimum  feature  size  of  1 .2p.  The  second  process  allowed  us  to  fabricate  parts  with  minimum  feature  sizes 
of  0.18(1.  This  was  performed  on  a  stepper  with  a  0.5|i  limit  of  resolution  and  involved  a  complicated  series 
of  fillet  processing,  reactive  ion  etching  and  CMP.  In  both  cases  processing  proceeded  in  a  layer-by-layer 
fashion.  The  first  process  is  schematically  rendered  in  Figure  2. 
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Figure  2:  There  are  a  number  of  possible 
modifications  to  this  basic  flow,  for 
example  the  patterning  of  the  as-deposited 
poly,  or  the  filling  of  trenches  between 
poly  lines.  In  every  case  the  elimination  of 
previous  level  topography  by  CMP  is 
critical. 


There  are  alterations  to  the  general  process  flow,  depending  upon  the  features,  for  example,  the  polysilicon 
thickness  can  be  made  equal  to  the  layer  thickness  and  then  patterned  to  form  the  second  layer.  Gaps 
between  the  rods  can  then  be  filled  with  silicon  dioxide,  which  is  then  planarized  by  CMP.  The  entire 
process  can  then  be  repeated  to  add  additional  layers.  In  all  of  the  processes  investigated,  the  use  of  CMP  to 


maintain  planarity  is  critical.  CMP  ensures  that  topography  introduced  in  one  layer  does  not  propagate  into 
subsequent  levels.  In  this  manner,  the  number  of  levels  is  limited  only  by  the  generation  of  stress  on  the 
wafer.  At  the  end  of  the  process,  the  silicon  dioxide  can  be  selectively  removed  using  a  HF  based  solution 
to  increase  the  refractive  index  contrast.  Also,  since  the  performance  of  the  device  only  depends  on  a 
contrast  in  dielectric  constants,  the  resistivity  of  the  polysilicon  and  the  contact  resistance  between  layers 
are  immaterial.  Figure  1  shows  a  7  layer  structure  fabricated  using  this  process. 

As  examples  of  the  flexibility  of  this  approach  we  have  used  it  to  fabricate  not  just  the  “Iowa  State”  6,7 
structure,  but  also  the  “MIT”  structure  l3,  the  “90-degree”  Iowa  State  structure,  the  simple  cubic  structure  14, 
an  inverse  FCC  structure,  an  inverse  HCP  (hexangonal  close  packed)  structure,  the  Wurtzite  structure,  as 
well  as  other  less  common  structures.  An  example  of  the  MIT  structure  (proposed  by  the  group  of 
Joannopoulos  13  at  the  Massachusetts  Institute  of  Technology),  fabricated  using  this  approach  is  given  in 
Fig.  3.  In  this  case,  the  MIT  design  was  broken  up  into  its  component  slices  and  the  slices  were  then 
fabricated  sequentially,  with  CMP  being  used  to  ensure  planarity.  We  have  experimentally  demonstrated 
that  this  structure  also  has  a  photonic  bandgap.  This  particular  structure  is  of  sufficient  complexity  that  it 
would  be  difficult  to  fabricate  and  test  on  a  macroscopic  scale.  Another  technologically  interesting  design 
is  the  “90-degree”  Iowa  State  structure.  One  of  the  distinguishing  characteristics  of  3-D  lattices  is  that  the 
bandgap  exists  for  all  angles  of  incidence  of  light.  This  is  predicted  theoretically,  however,  it  is 
experimentally  difficult  to  demonstrate  for  the  “zero  degree”  case,  in  which  the  incident  light  is  parallel  to 
the  substrate  surface.  Furthermore,  this  structure  can  not  be  readily  fabricated  on  the  macroscopic  scale  and 
tested  in  the  millimeter  regime.  However,  using  the  layer-by-layer  fabrication  approach,  it  is  possible  to 
again  break  up  the  “90-degree”  Iowa  State  structure  into  separate  slices  and  then  assemble  them  in  a  layer 
by  layer  fashion  using  the  process  outlined  above.  The  end  result  is  shown  in  Figure  4.  Testing  of  this 
structure  is  experimentally  straightforward  and  a  gap  is  indeed  found.  Examples  of  other  structures 
fabricated  using  the  same  process  are  given  in  Fig.  5. 


Figure  3:  Oblique  view  cross  section  through 
the  first  three  levels  of  the  MIT  structure  13 
fabricated  using  the  layer-by-layer  technique. 
This  complex  structure  would  be  difficult  to 
fabricate  using  macro -machining  techniques. 


Figure  4:  Top  view  scanning  electron 
micrograph  a  “Iowa  State”  structure  16,7 
fabricated  using  the  layer-by-layer  approach. 
The  fabrication  of  this  structure  enabled  us  to 
demonstrate  experimentally  the  existence  of  a 
full  3-D  photonic  bandgap.  Such  a  structure  is 
difficult  to  fabricate  on  the  macroscopic  scale. 


Figure  5:  Examples  of  other  structures  fabricated  using  the  mold  approach.  A  is  an  example  of  the 
simple  cubic  structure.  B  shows  the  top  view  of  a  portion  of  the  inverse  FCC  structure.  C  is  the  top 
view  of  a  Sandia  structure  with  a  inverse  HCP  structure  while  D  is  an  oblique  view  of  a  “woodpile” 
structure  12. 

Our  second,  more  aggressive,  process  relies  on  the  use  of  fillet  processing  to  obtain  the  minimum  feature 
sizes  required  and  is  discussed  in  detail  in  Ref.  9.  The  process  employed  is  considerably  more  complex, 
however,  this  complexity  was  driven  by  a  lack  of  a  stepper  with  sufficient  resolution.  Steppers  with 
adequate  resolution  are  now  commercially  available  and  the  much  simplier  mold  process  can  now  be 
extended  essentially  to  the  band  edge  of  Si.  Figure  6  shows  a  part  fabricated  using  the  fillet  process  with  a 
mid-gap  of  1.5  microns. 


Figure  6:  An  oblique  view  of  a  cross  section 
through  a  device  formed  by  fillet  processing. 
Due  to  the  aggressive  nature  of  the 
requirements  on  feature  size  and  alignment 
the  end  result  is  not  as  well  defined  as  the  less 
aggressive  part.  However,  as  will  be  seen 
below,  these  defects  had  relatively  little  effect 
on  the  performance  of  the  structure. 


To  date,  we  have  found  the  performance  of  these  devices  to  be  relatively  insensitive  to  most  processing 
parameters.  Level-to-level  alignment  can  deviate  by  as  much  as  10%,  as  can  layer  width  and  height, 
without  seriously  compromising  performance.  However,  care  must  be  taken  to  ensure  that  neighboring 
levels  make  physical  contact  if  the  silicon  dioxide  is  to  be  removed  at  the  end  of  the  process. 
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4.  TESTING 


The  existence  of  a  bandgap  in  these  structures  was  determined  from  optical  transmission  and  reflection 
measurements.  Since  light  with  the  bandgap  energy  is  forbidden,  it  is  not  able  to  penetrate  the  lattice  and  is 
instead  reflected.  To ‘test  the  transmission  properties  of  the  12| !  mid-gap  devices  we  used  a  standard,  room 
temperature,  Fourier-transform  infrared  measurement  system  with  a  broad  spectral  response  from  2.5  to 
25jH.  The  more  aggressive  device  was  tested  with  a  similar  system  with  a  spectral  range  from  1-3}!.  Before 
measurement,  the  back  of  the  Si  substrate  was  polished  to  a  smoothness  of  better  than  0.3  microns  to  avoid 
significant  light  scattering.  The  sampling  beam  was  collimated  to  within  a  10  degree  divergence  angle  and 
had  a  spot  size  of  -3mm.  Unless  otherwise  noted,  the  infrared  light  is  incident  along  the  stacking  direction 
of  the  3-D  photonic  crystal  and  was  unpolarized.  To  find  the  absolute  transmittance,  a  reference  spectrum 
from  a  bare  Si  wafer  coated  was  first  obtained  along  with  the  signal  spectrum  taken  from  a  wafer  with  a  3- 
D  photonic  crystal  built  on  it.  By  ratioing  the  signal  to  the  reference  spectrum,  the  system’s  detector 
response  was  normalized,  thereby  eliminating  the  small  unwanted  absorption  and  other  losses  in  the  silicon 
substrate. 

The  absolute  transmission  and  reflection  spectra  of  light  propagating  along  the  <00 1>  direction  of  the  3-D 
photonic  crystal,  that  is,  normal  to  the  substrate,  is  plotted  as  a  function  of  wavelength  in  Figures  7. 
Between  10  and  14jll,  a  strong  transmittance  dip  is  observed,  signifying  the  existence  of  a  photonic  bandgap 
in  the  3-D  structure.  Since  light  with  these  wavelengths  can  not  penetrate  the  lattice  it  is  reflected,  indicated 
by  an  increase  in  the  reflectance  spectrum.  A  similar  phenomenon  is  illustrated  in  Figure  8  for  the 
transmittance  through  a  crystal  with  midgap  at  1.5  microns  fabricated  using  the  fillet  process. 


Figure  7:  Plots  of  transmittance  and  reflectance  through  a  5  layer,  12)!  midgap  structure.  There 
exists  a  dip  in  transmittance,  which  corresponds  with  an  increase  in  reflection  indicating  the 
existence  of  the  bandgap  in  the  structure. 

Figure  8  also  shows  the  manner  in  which  the  bandgap  develops  with  the  addition  of  layers.  To  date  the 
most  layers  we  have  fabricated  are  12  for  a  structure  with  a  midgap  centered  at  6  p.  Figure  9  shows  the 
transmission  spectra  of  the  7-layer  lattice  shown  in  Fig.  1.  In  general,  there  appears  to  be  roughly  a  factor 
of  2  reduction  in  transmission  for  every  layer  of  lattice  added. 


Figure  8:  A  plot  of  transmission  as  a  function 
of  wavelength  for  3  and  4  layers  of  crystal 
with  gap  centered  at  1.5p.  The  development  of 
the  gap  with  the  addition  of  layers  can  be 
clearly  seen. 
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Figure  9:  Plot  of  transmission  amplitude  as  a 
function  of  wavelength  for  the  structure 
shown  in  Fig.l.  At  a  wavelength  of  lip  there 
is  ~98%  attenuation.  At  this  wavelength  there 
is  minimal  absorption  of  light  by  the 
polysilicon.  The  lattice  itself  is  only  10.5p 
thick. 
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One  of  the  distinguishing  characteristics  of  the  3-D  photonic  lattice  is  that  the  bandgap  is  preserved 
regardless  of  the  angle  of  incidence  of  light.  This  property  is  experimentally  demonstrated  in  Figure  10. 
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Figure  10:  Plot  of  transmittance 
as  a  function  of  angle  for  a 
structure  with  mid-gap  at  12m. 
Unlike  a  diffraction  grating,  the 
photonic  band-gap  exists  for  all 
angles  of  incidence. 


As  was  mentioned  above,  the  experimental  determination  of  the  gap  at  90  degrees  incidence  is  effectively 
impossible.  However,  this  property  was  investigated  by  fabricating  the  lattice  at  90  degrees  (Fig.  4)  and 
then  determining  the  transmission,  Fig.  11.  It  should  be  noted  that  the  pitch  of  the  90  degree  sample  is 
different  than  that  of  the  crystal  in  Fig.  1.  The  gap  of  a  2.5  unit  cell  MIT  structure  is  given  as  is  that  of  a  2 
unit  cell  simple  cubic  structure.  In  both  cases,  spectra  are  taken  with  the  beam  orthogonal  to  the  plane  of 
the  wafer.  The  angular  dependence  of  the  gap  has  not  yet  been  determined,  however,  theory  predicts  that  a 
full  gap  exists  for  the  MIT  structure  13  as  well  as  the  simple  cubic  structure  14.  The  60  degree  woodpile 
structure  was  also  fabricated,  Fig.  5d.  However,  a  gap  was  not  observed  at  90  degrees  for  a  structure  with 
line  pitches  similar  to  those  of  the  Iowa  State  structure.  Another  structure  predicted  to  demonstrate  a  full 
gap  is  the  inverse  FCC  structure  15,  Fig.  5b.  In  this  structure,  the  atoms  of  a  FCC  lattice  are  replaced  with 
empty  space  and  visa-versa.  This  structure  has  been  fabricated  and  the  spectra  obtained  at  0  degrees  is  also 
shown  given  in  Fig.  1 1 . 


All  of  the  structures  described  above  can  be  found  in  the  literature.  One  of  the  advantages  of  the  mold 
fabrication  process  is  that  it  makes  possible  the  simultaneous  fabrication  of  a  large  variety  of  different 
structures.  All  of  the  examples  described  above  were  fabricated  in  a  single  lot,  as  well  as  several  not  found 
in  the  literature,  which  experimentally  exhibit  gaps  at  0  degrees.  Work  is  currently  underway  to  determine 
which,  if  any,  of  these  structures  demonstrates  full  gaps. 
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Figure  11:  Transmission  spectra  of  various  different  designs  fabricated  using  the  mold  approach.  In 
each  case  the  spectra  were  obtained  with  an  angle  of  incidence  normal  to  the  surface. 


265 


5.  POTENTIAL  APPLICATIONS 


While  still  in  its  infancy,  this  technology  has  great  potential.  In  our  work  we  have  demonstrated  that  the 
lattice  building  blocks  can  be  fabricated  in  the  infrared  and  optical  (1.5  |i)  wavelengths  using  widely 
available  and  supported  Si  fabrication  equipment.  Even  these  simple  structures  have  interesting  physical 
properties,  they  are  efficient  dielectric  mirrors  and  they  no  longer  demonstrate  typical  black  body  emission 
21 .  This  property  demonstrates  that  these  structures  exhibit  truly  different  fundamental  properties. 

In  this  work  we  have  also  demonstrated  the  ability  to  fabricate  cavities  with  volume  less  than  one  cubic 
wavelength  22  this  has  potentially  important  implications  for  the  fabrication  of  single  mode  LED’s  and 
lasers  u.  These  cavities  are  the  result  of  intentional  structural  defects  introduced  into  the  lattice.  The 
defects  can  either  be  additive,  (the  periodic  addition  of  a  line  or  line  segment)  or  subtractive  (the  periodic 
removal  of  a  line  or  a  line  segment).  Fig.  12  gives  examples  of  both  types  of  cavity.  Knowledge  of  the 
influence  that  such  structural  defects  can  have  on  the  lattice  can  also  be  used  to  design  efficient  three- 
dimensional  waveguides.  In  this  application,  the  light  propagates  through  the  lattice  by  travelling  along  a 
string  of  intentionally  introduced  defects.  This  is  a  fundamentally  different  process  than  the  traditional 
approach  to  waveguides,  which  relies  on  a  gradation  in  refractive  index  and  is  restricted  as  to  the  maximum 
bending  angle.  Using  the  photonic  lattice  approach,  90  degree  bends  have  been  demonstrated  in  2 
dimensional  structures  at  millimeter  wavelengths,  23.While  waveguides  in  3-D  photonic  crystals  have  not 
yet  been  demonstrated,  we  are  confident,  based  on  the  2-D  result,  that  such  guides  with  90  degree  bends  are 
possible. 
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Figure  12:  Transmission  spectra  of  various  cavity  designs.  In  the  first,  extra  material  is  added  to  the 
structure  and  in  the  second,  material  is  removed  from  the  structure. 

The  early  work  in  this  area  4,5  was  motivated  by  a  desire  to  find  a  way  to  modify  the  spontaneous  emission 
of  light  during  various  physical  processes.  This  behavior  is  expected  by  theory  and  has  been  partially 
demonstrated  by  the  modification  of  the  black  body  emission  spectra  21.  It  may  be  possible  to  use  this 
property  to  greatly  increase  the  emission  efficiency  of  a  very  narrow  range  of  wavelengths  in  what  would 
normally  be  a  inefficient,  broad  band  emission  spectra,  such  as  the  emission  of  erbium  in  Si-based 
materials.  If  such  a  property  can  be  demonstrated,  it  may  led  to  the  development  of  silicon-based  lasers  and 
LED’s,  that  are  active  at  optical  communication  wavelengths.  This  could  herald  the  evolution  of  low  cost, 
complex,  electronic  and  photonic  components  existing  on  a  single  chip  and  based  upon  a  common  set  of 
materials  and  fabrication  processes. 
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ABSTRACT 

A  relatively  simple  technique  for  fabrication  of  GaAs-based  quasi-three-dimensional  photonic  crystals  has  been  investigated. 
Selective  impurity-induced  layer  disordering  and  wet  oxidation  techniques  are  utilized.  The  feasibility  of  this  technique  is 
successfully  demonstrated  and  a  photonic  bandgap  material  with  its  bandgap  around  1.18  pm  has  been  fabricated.  The 
electro-optic  coefficients  have  been  measured  for  the  first  time  in  such  a  medium.  The  process  is  reproducible  and  lends  itself 
to  integration  with  other  optoelectronic  and  electronic  devices  on  the  same  substrate,  which  might  be  required  for  pumping, 
electrical  injection  or  other  functions. 

Key  words:  Photonic  bandgap  (PBG),  light  localization,  quantum-well  intermixing  (QWI),  wet  oxidation,  impurity-induced 
layer  disordering  (IILD) 


1.  INTRODUCTION 


Photonic  bandgap  (PBG)  crystals  are  materials  possessing  a  periodic  variation  of  permittivity.  When  the  resulting  distortion 
of  the  electromagnetic  density  of  states  within  the  material  is  such  as  to  suppress  propagation  completely  for  a  range  of 
frequencies,  the  material  is  said  to  possess  a  full  photonic  bandgap.1'3  Such  photonic  crystals  are  of  great  interest  owing  to  the 
possibility  of  spontaneous  emission  control.  Inhibited  spontaneous  emission  could  lead  to  thresholdless  lasers  or  single  mode 
light  emitting  diodes  (LEDs),  which  may  lower  the  power  requirements  and  increase  the  efficiency  and  reliability.  Enhanced 
spontaneous  emission,  on  the  other  hand,  would  allow  faster  modulation  speeds  for  optical  interconnects.  By  tuning  the 
photonic  bandgap  to  overlap  with  the  electronic  band  edge,  electron-hole  recombination  can  be  controlled  in  a  photonic 
bandgap  crystal,  leading  to  enhanced  efficiency  and  reduced  noise  in  the  operation  of  various  optoelectronic  devices,  such  as 
low-loss  resonators,  optical  transistors  and  optical  switches,  bandpass  filters,  and  photonic  integrated  circuit  (PIC),  etc.  By 
introducing  “photonic  defects”  into  the  regular  lattice  of  a  photonic  bandgap  crystal,  a  localized  state  may  be  generated 
within  the  forbidden  gap2'4  5  which  can  essentially  be  a  tiny  optical  cavity  and  perhaps  the  core  of  a  photonic  bandgap  disk 
laser.6  The  optical  properties  may  be  tailor-made,  leading  to  innovative  optical  devices  in  the  up-coming  future. 

Unlike  semiconductor  crystals,  photonic  crystals  do  not  occur  naturally.  There  are,  therefore,  several  seemingly 
insurmountable  challenges:  first  and  foremost,  it  would  be  desirable  to  realize  the  photonic  crystals  with  III-V  direct  bandgap 
semiconductors,  such  as  GaAs,  AlGaAs,  InP,  InGaAsP,  etc.,  in  which  the  radiative  efficiency  is  high.  It  is  also  desirable  to 
create  a  three-dimensional  (3D)  medium.  Second,  the  refractive  index  contrast  needs  to  be  large7,  and  the  spacing  of  the 
dielectric  scatterers  should  be  of  the  order  of  XJn  in  these  materials,  where  X  is  the  vacuum  wavelength  and  n  is  the  refractive 
index  of  the  material.  Finally,  for  some  of  the  applications  described  above,  it  may  be  desirable  to  delineate  waveguides  on 
which  contacts,  or  electrodes,  can  be  formed.  Above  all,  the  processing  technique  should  be  relatively  simple  and 
reproducible. 

Many  approaches  have  been  investigated  to  fabricate  the  artificial  photonic  crystals,  such  as  mechanically  drilling  air 
channels,  chemically  etching  holes,  e-beam  patterned  dry  etching  techniques  and  wafer  bonding  techniques,  etc.8'13  Success 
in  producing  one-,  two-  and  three-dimensional  photonic  bandgaps  for  microwave  and  millimeter-wave  radiation,  and  for 
shorter  optical  wavelengths  in  one-  and  two-dimensional  structures  has  been  reported.  Recently,  photonic  gaps  have  been 
demonstrated  in  silicon  and  GaAs-based  nanometer  scale  ‘woodpile’  structures.14'17  The  3D  photonic  crystal  fabrication 
techniques  reported  so  far  are  either  Si-based,  where  the  low  radiative  efficiency  due  to  indirect  bandgap  nature  of  silicon 
limits  its  application  on  optoelectronics,  or  involving  multiple  growth  steps,  which  is  cumbersome  in  terms  of  its 
compatibility  to  standard  microfabrication  process. 
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The  compound  semiconductor  based  processing  technique  that  we  will  describe  here  is  reproducible  and  by  scaling  down  to 
small  feature  size  and  using  e-beam  lithography,  it  should  be  possible  to  tune  the  photonic  gap  from  1  to  15  ^m.  The 
fabrication  process  is  a  standard  microelectronic  fabricate  technology  by  utilizing  the  traditional  Zn  diffusion  technique  and 
AlGaAs  wet  oxidation  technique.  Without  etching  or  drilling  air  channels,  which  are  the  most  dominant  approaches  in 
making  current  PBG  crystals,  the  diffraction  loss  associated  with  the  semiconductor-air  interface  is  reduced  significantly  in 
this  all-semiconductor  structure.  Light  localization  was  verified  by  transmission  experiment  on  different  lengths  of 
waveguide.  Defects  in  our  PBG  crystals  are  created  during  the  process,  since  our  process  incorporates  the  random  nature  of 
zinc  diffusion  induced  disordering. 

Fourier-transform  infrared  spectroscopy  (FTIR)  and  transmission  experiments  were  performed  in  the  fabricated  PBG 
materials.  The  electro-optic  coefficients  have  been  experimentally  determined  from  the  measurement  of  the  TE-TM  phase 
shift  in  a  waveguide  made  with  the  medium. 


2.  FABRICATION 


The  photonic  crystal  is  made  with  the  heterostructure,  shown  in  Fig.  1(a),  grown  by  molecular  beam  epitaxy  (MBE)  on  (001)- 
oriented  GaAs  substrate.  After  growing  a  0.1  p.m  GaAs  buffer  layer,  a  0.2  pm  Alo.9gGao.02As  etch  stop  layer,  and  a  0.5  ^im 
GaAs  etch  protection  layer,  the  active  region  is  grown.  It  consists  of  a  1  pm  thick  layer  of  Alo.9gGao.02As  followed  by  6 
periods  of  0.18  [im  of  Alo.8Gao.2As  and  a  multi-quantum- well  (MQW)  region.  The  latter  consists  of  20  pairs  of  20  A  GaAs 
and  150  A  Al0.gGao.2As  layers.  The  total  thickness  of  the  active  region  is  3.14  pm.  A  protective  200  A  GaAs  cap  layer  is 
finally  grown.  The  entire  heterostructure  is  undoped. 
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Figure  1  (a)  GaAs-based  heterostructure  grown  by  molecular  beam  epitaxy  and  used  to  form  the  photonic  bandgap  (PBG)  crystal;  (b)  Low- 
temperature  (18K)  photoluminescence  (PL)  spectra  of  the  sample,  showing  the  peak  due  to  emission  from  the  MQW  regions 
disappears  after  IILD. 

The  processing  steps  to  form  the  photonic  crystal  are  outlined  in  Fig.  2.  The  key  steps  are  a  Zn-diffusion  induced  quantum 
well  intermixing  (QWI)  of  the  MQW  regions  to  form  a  uniform  alloy18  -  known  as  IILD  -  and  a  wet  oxidation19  of 
epitaxially  grown  and  intermixed  AlGaAs  alloy  regions  to  form  the  stable  oxide  AlxOy  with  a  refractive  index  of  ~  1.5.  Fig. 
1(b)  shows  the  low  temperature  photoluminescence  spectrum  peak  originated  from  the  MQW  region  in  the  as-grown  sample 
disappeared  after  IILD  or  quantum-well  intermixing  (QWI). 


A  0.1  pm  thick  layer  of  PECVD  SixNy  is  first  deposited  on  the  surface  of  the  grown  heterostructure  and  patterned  into 
circular  disks,  to  form  a  hexagonal  close-pack  form,  by  standard  optical  photolithography,  as  shown  in  Fig.  2(a).  The  center- 
to-center  spacing  a  is  -6  pm.  The  relatively  large  diameter  is  chosen  to  minimize  lateral  diffusion  of  zinc.  The  deep  zinc 
diffusion  step  is  carried  out  with  a  ZnAs2  source  in  an  evacuated  quartz  ampoule  at  575°C  for  90  min.  Impurity-  induced 
layer  disordering  takes  place  selectively  in  the  MQW  regions  through  the  openings  between  the  SixNy  discs  and  converts  it 
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into  a  uniform  AIo.71Gao.29As  alloy,  left  with  different  sizes  of  high  index  small  MQW  cylinders,  as  shown  in  Fig.  2(b). 
Ridges  of  width  35  pm  are  formed  by  standard  optical  lithography  and  a  combination  of  reactive  ion  beam  dry  etching 
(RIBE)  and  H3PO4  wet  etching,  as  shown  in  Fig.  2(c).  The  etching  is  done  down  to  the  0.5pm  GaAs  layer.  The  sample  is  then 
inserted  in  an  open-tube  quartz  furnace  and  wet  oxidation  is  performed  at  450°C  for  15  hrs  by  flowing  N2  saturated  with 
water  vapor  by  bubbling  it  through  a  water  bath  held  at  95°C.  It  is  worthwhile  to  note  that  the  realtively  long  oxidation  time 
selected  is  due  to  the  relatively  low  oxidation  temperature  chosen  in  order  to  minimize  the  znic  redistribution  in  the  crystal. 
Both  epitaxially  grown  Al0.gGao.2As  and  intermixed  Alo.71Gao.29As  regions  are  uniformly  oxidized  to  form  the  insulator  AlxOy, 
as  demonstrated  in  Fig.  2(d).  It  may  be  noted  that  under  the  hydrolysis  conditions  used,  the  thin  150  A  Al0.gGao.2As  layers 
within  the  non-intermixed  MQW  regions  are  not  oxidized.20  We  have  now  created  a  photonic  crystal  in  which  small  MQW 
regions  of  average  refractive  index  ~  3.55  are  embedded  in  an  AlxOy  medium  of  refractive  index  -  1.5.  The  index  contrast  is 
therefore  >  2.0.  A  disadvantage  of  this  process  is  the  considerable  lateral  diffusion  of  zinc  during  the  deep  diffusion  step.  It  is 
estimated  that  the  scattering  center  radius  r  varies  in  the  range  of  0.15  -  1.5  pm.  The  scanning  electron  microscope  (SEM) 
image  of  the  waveguide  along  with  a  schematic  are  shown  in  Fig.  3. 


A.  Si„Ny  hexagonal  pattern  B.  Selective  area  Zn-induced  layer 

disordering 


C.  Ridge  formation  D.  AlGaAs  wet  oxidation 


(as-grown)  (intermixed) 


Figure  2  Process  steps  used  to  form  PBG  crystal.  The  key  steps  are  the  IILD  of  the  MQW  regions  with  znic  and  the  wet  oxidation  of 
AlGaAs  regions  to  form  AlxOy  (n  -  1.5). 
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Figure  3  (a)  Schematic,  and  (b)  scanning  electron  microscope  (SEM)  image  of  GaAs-based  PBG  waveguide  made  by  conventional 
diffusion,  wet-oxidation  and  etching  techniques.  The  MQW  scattering  regions  are  faintly  visible  in  the  SEM  image.  SixNy  discs 
(reduced  in  size  during  processing)  are  seen  on  the  top  surface. 

It  is  important  to  understand  the  nature  of  the  fabricated  crystal.  If  the  diffusion  was  perfect  (no  lateral  spreading),  then  the 
structure  would  be  a  set  of  centered  hexagonal  high-index  rods,  with  periodic  gaps,  immersed  in  the  low  index  AlxOy. 
However,  because  of  the  considerable  lateral  diffusion  of  Zn  with  depth,  there  is  a  variation  in  the  size  of  MQW  regions  with 
depth.  We  therefore  choose  to  describe  our  structure  as  a  quasi-3D,  weakly  disordered,  crystal.  It  may  not  have  true  3D 
photonic  bandgaps  but  should  demonstrate  stops  bands. 

The  photonic  bandgap  crystal  is  cleaved  with  different  waveguide  lengths  ranging  from  0.6  to  1.8  mm  and  the  GaAs  substrate 
is  removed  by  using  lapping  and  the  selective  wet  etching  techniques,  including  a  combination  of  NH4OH  and  HF  solution 
for  selective  etching  of  GaAs  and  AlGaAs  layers.  A  black  wax  protection  layer  on  top  and  Si02  anti-reflection  (AR)  coating 
on  the  waveguide  facets  are  used  prior  to  substrate  etching  in  order  to  protect  the  photonic  crystal  and  the  waveguide  cleaved 
facets.  The  yellowish  transparent  color  of  the  waveguide  after  substrate  removal  can  be  seen  under  the  microscope,  which  is 
one  of  the  evidence  of  formation  of  AlGaAs  alloy  after  intermixing.18  The  final  PBG  waveguide  is  placed  on  a  silica  glass 
substrate  for  waveguide  transmission  experiment  to  avoid  mode  leakage  into  GaAs  substrate. 

The  processed  photonic  crystal  with  ridges  of  width  15-35  Jim  are  cleaved  to  lengths  in  the  range  of  0.6  -  2  mm  for  the 
electro-optic  measurements.  To  avoid  mode  leakage  into  the  GaAs  regions,  all  the  GaAs  layers,  including  the  substrate,  are 
removed  by  selective  wet  etching.  One  is  therefore  left  with  the  MQW  regions  embedded  in  AlxOy.  A  Pd/Zn/Pd/Au  top 
contact  layer  and  a  Ti/Ge/Ti/Au  bottom  contact  layer  are  deposited  on  the  waveguide  for  application  of  bias.  The  total  thick¬ 
ness  of  the  device  is  4.12  pm.  Measurements,  to  be  described  below,  are  made  by  mounting  the  devices  suitably  on  glass 
substrates.  A  typical  device  is  shown  schematically  in  Fig.  4.  An  identical  AlxOy  waveguide  without  MQW  regions  was  also 
made  as  a  calibration  device.  1  1 


Figure  4  Experimental  setup  for  EO  measurement  with  the  schematic  of  fabricated  waveguide,  the  applied  bias  and  the  incident  beam. 
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3.  EXPERIMENTAL  RESULTS 


Low-temperature  photoluminescence  spectrum  of  the  as-grown  heterostructure  reveals  a  peak  at  702  nm  (Fig.  1(b)),  which 
originates  from  the  MQW  regions  and  confirms  the  high  quality  of  the  sample.  Surface  normal  (z-direction)  FTIR  was 
performed  at  room  temperature,  in  the  wavelength  range  of  2.5  -  25  Jim  on  samples  in  which  the  GaAs  substrate  was  thinned 
down  to  100  |tm  and  polished.  Since  the  beam  size  (~  5  mm)  is  much  larger  than  the  waveguide  width,  samples  with  several 
parallel  waveguides  were  used  and  normal  incidence  (from  the  top)  was  employed.  The  measured  spectrum  is  shown  in  Fig. 
5.  The  spectrum  is  normalized  by  the  measured  spectra  of  the  GaAs  substrate  and  AlxOy  of  thicknesses  identical  to  those  in 
the  photonic  crystals.  A  transmittance  dip  between  15-20  pm  is  observed,  which  fits  reasonably  well  with  the  results21  of  a 
2D  crystal  scaled  from  the  microwave  measurements,  with  the  parameters  of  our  structure,  using  a  simple  scaling  factor  of 
1146  (the  ratio  of  center-to-center  spacing  of  high  index  scatterers).  This  is  also  shown  in  Fig.  5.  The  smaller  and  wider 
transmission  dip  in  our  measured  data  compared  to  the  reference  results,  could  be  due  to  the  scatterer  size  non-uniformity  in 
our  crystal.  Transmission  spectroscopies  on  both  surface  normal  (z-direction)  and  waveguide  (y)  direction  were  also  done  in 
the  wavelength  range  of  0.9- 1.6  pm  with  a  photomultiplier  or  a  Ge  detector.  Again,  the  measured  data  was  normalized  with 
respect  to  GaAs  and  AlxOy.  The  measured  spectra  are  also  shown  in  Fig.  5,  with  a  12  dB  attenuation  at  1.18  pm  along  z 
direction.  A  transmission  peak  is  also  noted  within  the  stop  band  in  the  y-direction.  The  exact  origin  of  the  second  gap  at  the 
lower  wavelength  is  not  fully  understood,  but  its  presence  is  confirmed  with  measurement  in  two  orthogonal  directions.  As 
shown  in  Fig.  6,  our  calculation  based  on  plane  wave  expansion  technique22  has  revealed  a  gap  around  1.5  pm  for  an  ideal  2D 
PBG  structure  with  parameters  same  as  our  fabricated  quasi-3D  structure.  Similar  gaps  have  been  theoretically  calculated  by 
Maystre  et  al.  in  photonic  crystals  composed  of  dielectric  rods  in  air  or  air  holes  in  dielectric  medium23  and  have  been 
attributed  to  grating  effects  due  to  Wood’s  anomalies.  These  authors24  also  observed  that  introduction  of  doping,  or  defects, 
in  the  lattice  produced  states  in  the  gap,  like  the  one  observed  by  us.  It  must  be  remembered  that  we  are  presenting  a 
technique  which  could  potentially  be  useful  for  realizing  semiconductor-based  3D  photonic  crystals.  In  the  crystal  reported 
here,  the  perfect  periodicity  is  destroyed  by  process-induced  non-uniformity  of  the  scatterer  size.  These  aspects  are  under 
investigation. 


Figure  5  Transmission  spectra  shows  a  stop  band  between 
15-20  Jim  along  z-direction  for  a  PBG  material  with  a- 6.3 
Jim,  r  =0.15-1.5  Jim  and  index  constrast  of  2.3.  Also  shown 
are  the  stop  bands  around  1  Jim  measured  along  the  y-  and  z- 
directions  and  the  calculated  stop  band  around  17  Jim. 


Wave  vector 


Figure  6  Calculated  band  structure  based  on 
expension  theory  with  npl.5,  nh=3.5,  r=1.5jim, 
tf=6.3|im;  note  a  gap  centered  at  1.5  Jim. 


In  order  to  investigate  possible  light  localization  due  to  the  observed  defect  states,  we  have  measured  the  transmission 
coefficient,  T,  as  a  function  of  waveguide  length,  L.  The  GaAs  substrates  were  completely  removed  in  these  samples,  in  order 
to  eliminate  mode  leakage  into  substrates.  The  cleaved  facets  of  waveguides,  varying  in  length  from  0.6  mm  to  1.8  mm,  were 
end  fired  with  TE  polarized  light  from  a  1.15  |xm  He-Ne  laser  and  the  guided  (transmitted)  power  at  the  output  was  measured 
with  a  power  meter.  We  did  not  observe  any  evidence  of  light  leaking  into  the  thin  AlxOy  supporting  layer  underneath.  The 
measured  data  is  shown  in  Fig.  7(a).  A  distinct  exponential  decay  of  the  transmission  with  waveguide  length  is  observed  and 
assuming  that  the  decay  is  —expf-L/Lioc),  where  1^.  is  the  localization  length,  a  value  of  Lioc=0.4  mm  is  extrapolated.  We 
have  also  fitted  the  same  data  with  a  T-L'2  dependence  in  accordance  with  the  scaling  theory  of  localization  at  the  localization 


272 


transition.4,5,25  The  fit  is  shown  in  Fig.  7(b).  For  a  T-L‘2  dependence,  an  average  transport  velocity  v  =  3.81X107  cm/s  is 
estimated,  assuming  an  average  mean  free  path  of  1.73  Jim.  The  phase  velocity  for  this  device,  derived  from  a  geometrical 

optics  estimation  with  a  fill  factor  of  0.2,  is  about  1.54  XlO10  cm/s.  Therefore,  it  can  be  said  with  some  caution  that  light 
localization  occurs  in  our  samples,  possibly  due  to  the  localized  defect  states,  observed  in  the  transmission  experiments. 


Figure  7  Measured  transmission  of  end-fired  1.15  pm  light  through  waveguides  as  a  function  of  guide  length.  The  polarization  of  the 
incident  light  is  parallel  to  the  heterostructure  layers.  The  measured  transmission  is  fitted  to  (a)  exponential,  and  (b)  quadratic  variation 
with  waveguide  length.  Both  fits  are  good,  indicating  strong  photon  localization. 


The  PBG  waveguide  with  top  and  bottom  contacts  was  fabricated  for  measurement  of  the  electro-optic  properties.  The 
measured  current- voltage  characteristics  of  the  devices  are  shown  in  Fig.  8(b),  wherein  the  high  resistivity  of  the  material  is 
evident.  Measurement  of  the  E-0  coefficients  was  carried  out  by  coupling  1.15  pm  light  from  a  He-Ne  laser  onto  one  end  of 
a  waveguide  with  a  focusing  lens.  Care  was  taken  to  make  sure  the  focused  spot  size  on  the  facet  of  the  waveguide  is  less 
than  4  pm  in  diameter,  so  that  maximum  coupling  into  the  waveguide  is  achieved.  The  latter  is  determined  by  the  reflectivity 
of  the  input  facet.  The  polarization  of  the  light  is  oriented,  through  use  of  an  input  polarizer,  at  45°  to  the  direction  of  the 
electric  field.  The  phase  retardation  of  the  transmitted  light  was  measured  with  an  analyzer  and  a  power  meter  at  the  output 
end  of  the  waveguide.  The  measured  phase  retardation  and  the  refractive  index  change  as  a  function  of  the  applied  voltage  for 
the  photonic  waveguide  structure,  as  shown  in  Fig.  8(b),  are  seen  to  vary  with  field  in  a  nonlinear  manner,  while  no 
observable  phase  shift  is  recorded  for  the  AlxOy  calibration  structure.  It  is  important  to  note  that  the  waveguide  geometry  is 
required  for  these  measurements.  However,  the  dimensions  of  the  waveguide  are  large  enough  so  that  the  data  reflect  the 
electro-optic  properties  of  the  bulk  photonic  bandgap  material  .  The  error  bars  in  the  data  are  indications  of  measurement 
system  error  associated  with  the  multiple  optical  alignment  during  many  repeated  experiment.  It  is  clear,  however,  that  the 
curve  is  distinctly  concave  downward.  The  linear  and  quadratic  E-0  coefficients  are  obtained  by  fitting  the  phase  retardation 
with  the  relation:26 

A<3>  =  nLnlX'1  ( T,rE  ±  TqsE2 )  +  A3>0  (1) 

Where  r  and  s  are  the  linear  and  quadratic  E-0  coefficients,  respectively,  A®0  is  the  built-in  birefrigence  induced  phase 
shift,  n0  is  the  average  refractive  index  of  active  region,  E  is  the  average  electric  field,  and  T  are  the  linear  and 
quadratic  confinement  factors,  L  is  the  length  of  the  waveguide  and  X  is  the  laser  wavelength. 


The  results  reported  here  were  obtained  with  waveguides  of  length  L  =  2  mm  and  width  W=35  |im.  In  reality  Eq.  (1)  is  a 
summation  over  all  regions  over  which  the  optical  mode  extends.  In  the  following  analysis  we  neglect  any  mode  leakage 
outside  the  PBG  guide.  Equation  (1)  then  relates  to  the  measured  effects  in  the  embedded  GaAs/Alo.gGao^As  MQW  regions. 
The  value  of  n0  in  our  samples  is  3.48.  The  confinement  factors  and  Tq  in  our  waveguide  are  essentially  equal  to  the  fill 
factor  /since  the  E-O  effect  is  only  due  to  the  MQW  regions.  The  value  of/ is  calculated  by  considering  the  progressive 
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change  in  the  size  of  the  MQW  regions  over  the  six  periods.  These  are  estimated  from  the  measured  diffusion  and 

MQW 

region,  noting  that  rx  =  0.15  pm  and  the  separation  between  the  MQW  regions  is  0.18  pm.  We  estimate  a  value  of /=  0.17. 
Finally  the  electric  field  E,  or  the  fractional  voltage  drop  across  the  MQW  regions  is  calculated  by  considering  the  boundary 
condition  across  dielectric  regions  with  dielectric  constants  of  1.5  and  3.48.  The  field  across  the  MQW  regions  is  estimated  to 
be  given  by  E  —  0.3 1(V  /  d) ,  where  V  is  the  applied  bias  and  d  =  4.12  pm  is  the  guide  thickness.  From  the  fitting  of  the 

data  in  Fig.  3,  shown  by  solid  curves,  we  estimate  r  =  1.66  X  10-12m/V  and  S  =  -251  X  10“19  m2/V2  and  the  built-in 
birefrigence  Am  =  1.1  X  10  5,  due  to  the  anisotropy  in  the  medium. 


1  6 

intermixing  profiles  in  calibration  samples.  Thus  /  =  —  £/,  ,  where,  /(  =  0.05 7/- 2 ,  and  rf  is  radius  of  the  Ith 
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Figure  8  (a)  current- voltage  characteristics  of  the  PBG  waveguide  shown  in  Fig.  4  with  L  =  2  mm,  W  =  35  pm  and  d  =  4.12  pm;  (b) 
measured  phase  retardation  and  refractive  index  change  as  a  function  of  the  applied  voltage.  The  solid  curve  is  a  fit  to  the  Hat» 


It  may  be  remembered  that  the  energy  of  the  guided  light  is  -  0.35  eV  below  the  bandgap  of  the  GaAs  regions  of  the  MQW. 
Therefore  the  quantum  confined  Stark  effect  (QCSE)  and  associated  phenomena  can  be  presumed  to  be  inoperative.  The 
magnitude  of  the  measured  Pockels  effect,  indicated  by  the  value  of  r,  is  almost  exactly  the  same  as  that  of  GaAs  or 
GaAs/AlGaAs  MQW27,28,  which  is  not  surprising.  However,  a  strong  non-linearity,  with  a  sign  opposite  to  that  associated 
with  the  QCSE-type  of  Kerr  effect26,27,  is  observed  in  Fig.  3.  Nonlinearity  in  photonic  media  has  been  predicted  or  calculated 
by  several  authors.  Faist  and  Reinhart29'30  have  shown,  theoretically  and  experimentally  that  phase  modulation  due  to  many- 
body  effects  in  an  electro-optic  medium  is  quadratic  with  electric  field  and  has  an  opposite  sign  to  that  for  band-  filling  or 
other  electroabsorption  related  effects.  Therefore,  with  some  caution,  it  may  be  presumed  that  the  observed  non-linear 
behavior  is  a  consequence  of  many-body  effects,  remembering  that  the  many-body  effects  arises  from  the  pseudogap  in  the 
weakly  disordered  system  and  the  consequent  light  localization.  Our  observation  may  be  the  first  experimental  evidence  of 
many-  body  effects  in  a  photonic  bandgap  medium. 


4.  DISCUSSION 


4.1  Optimization  of  the  epitaxial  growth  structure 

A  high  content  of  aluminum  of  both  epitaxial  grown  AlxGai.„As  barrier  region  and  the  intermixed  Al^Ga^As  is  desirable  for 
a  high  oxidation  rate.  The  oxidation  rate  of  AlxGai.xAs  decreases  dramatically  with  decreasing  the  aluminum  content.31  On 
the  other  hand,  in  order  to  effectively  disorder  the  quantum  well  region  through  znic  induced  disordering,  a  high  znic  con¬ 
centration  in  the  order  of  1019  cm’3  or  above  is  required.32  While  SIMS  results  show  that  the  Zn  solubility  N^,  in  the  AlxGa,. 
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xAs  alloy  is  strongly  dependent  on  the  A1  content  x,  as  shown  in  Fig.  9.  Fig.  10  shows  the  Nzn  decreases  exponentially  with 
increasing  x.  To  satisfy  the  N^IO19  cm*3  requirement  for  disordering,  the  aluminum  content  in  AlxGai_xAs  must  be  less  than 
0.8.  An  optimized  aluminum  content  x  must  be  selected.  Our  final  design  uses  x=0.8  for  epitaxially  grown  AlxGai_xAs  and 
x=0.71  for  intermixed  AlxGai_xAs. 


Figure  9  SIMS  profile  of  Zn  concentration  along  depth  in 
the  structure  after  IILD. 


Figure  10  Zn  solubility  vs  aluminum  content  x  in 
AlxGai_xAs  based  on  SIMS  results. 


4.2  Process  reliability  and  limitations 

Due  to  the  relatively  simple  process  comparing  to  other  techniques,  it  is  very  reliable  and  compatible  to  the  standard 
microfabrication  process.  The  only  disadvantage  of  this  process  is  the  considerable  lateral  diffusion  of  zinc  during  the  deep 
diffusion  step.  We  have  determined  that  the  lateral  spread  almost  matches  the  depth  for  1.4  pm  diffusion,  as  shown  in  Fig.  11. 
However,  this  provides  the  randomness  in  the  size  and  spacing  of  the  MQW  scatterers  and  helps  us  to  realize  a  disordered 
photonic  crystal.  It  is  estimated  that  the  size  of  the  scattering  centers  varies  in  the  range  of  0.3  -  3  pm.  By  using  well- 
controlled  process  to  minimize  the  lateral  spreading,  the  spacing  can  be  further  decreased. 


Figure  11  (a)  Schematic  illustration  of  ideal  (top)  and  nonideal  (bottom)  diffusion  process;  (b)  scanning  capacitance  measurement  result 
shows  the  Zn  lateral  spreading  along  depth  almost  matches  the  depth  for  a  1.4  pm  diffusion  for  a  simple  GaAs/AlGaAs  MQW 
structure.  The  MQW  region  B  is  sandwiched  in  between  the  top  SixNy  pattern  region  A  and  the  bottom  GaAs  region  C,  where 
region  B1  (center  darker  area)  is  Zn  diffusion  region  and  B2  are  undiffused  areas. 
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5.  CONCLUSION 


We  demonstrate  here  a  processing  technique  with  which  we  have  created  a  quasi-three-dimensional  photonic  crystal.  A  stop 
band  around  1.5  pm  has  been  obtained  both  experimentally  and  theoretically.  We  have  measured  the  electro-optic 
coefficients  for  the  first  time,  with  the  linear  E-0  coefficient  r  =  1.66  X  l(T12m/V  and  the  quadratic  E-O  coefficient 

S  =  —251  X  10-19  m2/V2,  respectively.  The  technique  is  versatile,  such  that  photonic  crystals  of  any  dimension  and  shape 
can  be  created.  Work  is  in  progress  to  improve  the  size  uniformity  and  scale  down  the  scatterer  spacing  by  using  electron- 
beam  lithography  and  better  controlled  disordering  techniques. 
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ABSTRACT 

Two  dimensional  hexagonal  lattice  photonic  crystal  made  of  superconducting  rods  embedded  in  dielectric  matrix  and 
dielectric  rods  embedded  in  superconducting  matrix  are  studied.  We  used  two-fluid  model  to  describe  the  electromagnetic 
response  of  the  superconductor  phase.  The  superconductor-dielectric  photonic  band  structures  are  computed  using  the  plane 
wave  expansion  method  .  We  found  a  extremely  large  low  frequency  gap  as  due  to  the  electric  field  expulsion  in  the 
superconductor  .  Qualitative  explanations  for  the  dependency  low  frequency  gap  size  on  dielectric  constant  ,  penetration 
depth  and  filling  fraction  are  given  .  A  smaller  gap  have  been  found  at  much  higher  lattice  constant/wavelength  ratio.  We 
also  found  a  fundamental  mode  with  extremely  localized  electric  field  in  the  dielectric  phase,  similar  to  the  localized  mode  in 
defective  photonic  crystal .  This  photonic  crystal  could  be  useful  for  superhigh-Q  periodic  resonant  cavities  . 

Keywords  :  photonic  crystal  superconductor ,  two-fluid  model ,  low  frequency  gap  ,  resonant  cavity 


1.  INTRODUCTION 

Much  work  has  been  done  on  the  computation1  of  the  band-structures  of  electromagnetic  waves  propagating  in  two-and 
three-dimensional  dielectric  periodic  structures  since  it  was  first  shown  2  that  these  periodic  structures  can  be  designed  to 
produce  the  required  bandgaps.  Photonic  crystals  were  mainly  fabricated  from  high  contrast  dielectric  materials  3,  typically 
used  in  the  semiconductor  technology.  Dielectric  periodic  structures  can  be  designed  to  mold  the  propagation  of  light  in  an 
integrated  semiconductor  optoelectronics  where  electronic  and  optical  signals  coexist  and  transform  between  each  other  . 
Recently  ,  combinations  of  various  materials  for  the  design  of  photonic  crystals  have  been  studied.  Sigalas  et.  al.  4  found  a 
wider  photonic  band  gaps  when  dielectric  constant  8  and  relative  permeability  \i  have  their  maximum  values  in  different 
materials  and  suggested  using  magnetically  tuned  ferrite  materials.  Electric  and  magnetic  fields  dependent  materials  like 
ferroelectrics,  ferromagnets  and  ferrimagnets  were  investigated  in  two-dimensional  photonic  crystals  5.  Frequency 
dependent  dielectrics  6  and  metallics  7  photonic  crystals  have  been  studied  too.  The  wide  range  of  materials  that  can  be 
used  to  make  photonic  crystals  provides  vast  avenues  in  the  design  and  applications  of  novel  photonic  crystals  devices  for 
integration  into  the  semiconductor  optoelectronics  system. 

However,  we  foresee  novel  applications  and  interesting  possibilities  of  incorporating  the  photonic  crystals  concept 
into  superconducting  devices.  It  is  interesting  to  investigate  new  possibilities  of  merging  superconducting  electronics  and 
photonics.  From  this  motivation;  in  this  paper,  we  study  the  band  structure  of  two-dimensional  non-dissipative 
superconductor-dielectric  photonic  crystal.  We  confine  our  study  to  E-polarization  in  a  hexagonal  lattice.  In  section  2,  we 
describe  the  electromagnetic  response  of  a  typical  non-magnetic  superconductor  using  the  two-fluid  model8,9  via  the 
complex  conductivity.  At  sufficiently  low  and  high  frequencies,  the  complex  conductivity  approximates  to  imaginary 
conductivit,  since  we  are  interested  in  a  non-dissipative  superlattice.  In  section  3  ,  we  decouple  the  Maxwell’s  equations  in 
the  absence  of  free  charge  and  external  applied  current  to  obtain  the  the  differential  equation  in  an  eigenvalue  form  for  E- 
polarization  ,  valid  in  both  dielectric  and  superconducting  phases.  Using  the  Bloch  theorem  and  Fourier  expanding  all  the 
periodic  functions,  we  obtain  the  infinite  size  eigenvalue  equations  .  Section  4  briefly  describes  the  computation  of  the 
matrix  eigenvalues  using  Matlab  algorithms  results  we  obtain  in  Section  5  . 
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2.  FORMULATION  OF  THE  COMPLEX  CONDUCTIVITY 

We  consider  the  superconductor  with  local  behaviour  so  that  we  can  use  the  two-fluid  model  to  describe  the  electromagnetic 
response  of  the  superconductor  below  Tc  .  This  model  has  proven  successful  in  describing  the  performance  of 
superconductive  devices  ,  especially  at  high  frequency9.  The  complex  electrical  conductivity,  a  =  an  +  as  of  a 
superconductor  in  the  presence  of  electromagnetic  fields  is  due  to  the  total  conduction  electrons  of  density,  n-  +  nn  which 
is  composed  of  the  unpaired-normal  electrons  and  the  paired-superelectrons  of  density  nn  and  ns  respectively 8. 

The  conductivity  of  the  normal  electrons,  from  Drude  model  is 

an  =  nne2x/m(l+  jxo  )  =  [  1  -  jxo  ]  nn  e 2  x  /  m  (1+  x2o2  )  (1) 

where  x  is  the  relaxation  time  of  the  normal  fluid  and  m  is  the  effective  mass  of  the  normal  electrons. 


Using  lim  [  f° - T  --dco  =  tan'1  cox  ]  =  —  f°  8(co)dco  where  5(a>)  is  the  Dirac  delta  function  and  taking 

t-»oo  A  1-hco2t2  2  ^ 

x  to  infinity ,  we  have 

cts  =  lim  an=  (7t  ns  e2  /  2m )5(co)  -  j  ns  e2 /  m  o  (2) 

T— >°0 

Then,  the  total  complex  conductivity  is 

a  =  (  e2  /  m )  [  (  n„x  /(1+  x2co2 )  +  5(co)  7Zt^12  )  -  j  (  x20)nn  /  (1+  x2co2 )  +  ns  /o )  ]  (3) 

For  non-zero  frequency  ,  the  complex  conductivity  becomes  , 

a(o>  *  0 )  =>  (  e2  /  m )  [  (  n nx  /  (1+ jxco  )  -  j  ns  /©  )  ]  (4) 

So  far,  the  convention  exp(  jot)  has  been  adopted  ,  as  used  in  Ref.  8  .  Hereafter  ,we  change  convention  to  exp(  -jot)  ,  by 
simply  changing  j  to  -j  .  It  should  be  mentioned  that,  the  superelectron  density  ,  mass  and  charge  are  n*  =  xig/2  ,  m*  =  2m 
and  e*  -  2e  respectively.  Then,  the  original  definition  of  London  penetration  depth  10  ,  m*  /  /i  0  n^e*2  =  Xi2  can  be 
equivalently  expressed  as  ml  JU  0  ^e2  =  XL2  .  We  should  note  that  x  ,  nD  and  ns  are  indirectly  related  by  their  temperature 
dependence . 

The  Gorter-Casimir  result 11  gives  the  quantitative  temperature  dependency  of  superelectrons  density  ns*(T)/n*=l-(T/Tc)4> 
where  n*  =  ns(0)/2  .  Combining  this  with  the  definition  of  London  penetration  depth,  we  have 

mt)  =  w-\/i-(r/rc)4  (5) 

where  ml  fU0ne2  =  XLy02 . 


In  the  case  of  xo  »  1,  Eq.  4  reduces  to  imaginary  conductivity, 
g(o)  =  j  e2n  /  mo  =  j  /  ©  JU  0  ^l,q2 


In  the  case  of  xo  «  1  ,  Eq.  2  reduces  to  , 

o(o)=(e2/m)[  nnx  +jns/o)  ]  (7) 
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Furthermore,  if  nni  «  iis  /©  is  satisfied  12  ,  the  complex  conductivity  can  also  approximate  to  imaginary  conductivity  ,  like 
in  the  high  frequency  case, 

c(co)=  j  e2  ns  /  mo)  =  j  /  co  /i  0  XL2(T)  (8) 

In  fact,  the  electrodynamic  response  of  a  superconductor  at  high  frequency  (  where  tcd  »  1)  is  essentially  the  same  as  that 
of  a  normal  metal  .  As  such,  it  may  seem  unnecessary  using  superconductor  instead  of  metal  .  The  need  for  incorporating 
photonic  crystal  into  superconducting  electronics  is  one  of  the  reasons  for  using  superconductor.  Besides,  for  operation  in 
low  frequency  regime  12 ,  the  band  structure  has  non-linear  temperature  dependence  (  Eq.  5  &  8)  especially  near  Tc . 


3.  FORMULATION  OF  EIGENVALUE  EQUATIONS 


Assuming  that  the  superconductor  is  non-magnetic  ,  with  dielectric  constant  close  to  unity  and  has  a  linear  free  current 
response  to  the  time-harmonic  electric  field.  Then,  the  electromagnetic  properties  of  dielectric  /superconductor  is  written  as 

„  d 

V  xB=  JU0[—  D  +oE]  =  //  o  [  -  j  CDSoS(r)  +  j  z(  r )/  a  JU  0  ]  E  (9) 

ot 

where  e(  r )  =  1  ,  z(  r  )  =  1 IX2  in  superconductor  and  s(  r  )  =  8  ,  z(  r  )  =  0  in  dielectric. 


With  such  simplistic  assumptions,  this  formulation  may  not  hold  for  exotic  (organic, ceramic, magnetic)  superconductors  . 
However,  the  assumptions  are  necessary  to  effectively  represent  most  metallic  superconductors. 

We  study  the  two  dimensional  hexagonal  ( triangular )  photonic  crystal  in  x-y  plane  with  each  lattice  point  designated  by  the 
axis  of  an  infinitely  long  cylindrical  rod  (  parallel  to  z-axis  ),  we  call  ‘photonic  atom’  which  can  have  either  a 
superconducting  phase  (  for  ‘superconducting  atom’)  or  a  dielectric  phase  (  for  ‘dielectric  atom’  ). 


For  E-polarization ,  Eq.  7  and  V  xE  =  -  dB/dt  yield 


[ 


+ 


82Ez 

— r  ] +  f(x  >  y)E* 

dy 


0 


(10) 


where  f(  x,y )  =  [  ( CO  /c)  2s(  x,y  )  -  z(  x,y )  ];  f  =  (  CO  /c  )2  £  (in  dielectric)  and  f  =(  CO  /c  )2  -  ( 1  A,  )2  ( in  superconductor ) 
Rearranging  Eq.10  in  the  eigenvalue  form,  we  have 


e(  x»y )''  [ 


d2E, 


d2E , 


•]-  v(x,y)Ez  +(CO/c)2Ez=  0 


dx2  dy2 

where  v  (  x,y )  =  z  ( x,y  )/s(  x,y )  =1//.2  in  superconductor  and  0  in  dielectric. 


(11) 


By  using  the  Bloch  function  for  Ez  and  Fourier  expanding  the  periodic  functions  Ez ,  e(  x,y  )"'  and  v(  x,y  ),  we  have  the 
eigenvalue  problem 


X  t  w(  G-G’  )(k+G’) .  (  k+G’ )  +  v(  G-G’ )  ]  EZ(G’)  =  (  CO  /c  )2  EZ(G)  (12) 

G’ 

where  w(0)=£''b+  (s‘la-£'1b)f  ,  w(G^0)=  2f(£''a- S'‘b)  J^xJ/x  ,  and  v(0)  =vb  +  (va-vb)f  , 
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v  (  G  *  0  )  =  2f  (va  -  vb  )  Ji(  x  )  /  x  ;  where  x  =  Gd/2  ,  f  =  -^-j=  r  (the  filling  fraction  of  an  ‘atom’  per  unit  cell) ,  r=d/a  , 
d=diameter  of  ‘atom’  and  a=  lattice  constant . 

For  the  case  of  ‘dielectric  atom’  embedded  in  superconductor  ( background ),  sa  =  8  ,  eb  -  1  and  va  =  0  ,  vb  =  l/X2 . 

For  the  case  of ‘superconductor  atom’  embedded  in  dielectric  ( background  ),sa  =  1  ,  eb  =  £  ,  and  va  =  l/X2  ,  vb  =  0. 


For  H-polarization  ,  we  have 


A  1 

[dx(  f(x,y) 


dH  d  1  8HZ 

dx  dy K  f(x,y)  <5y 


(13) 


The  Fourier  expansion  of  Eq.  1 1  cannot  be  expressed  in  an  eigenvalue  form 
2  g(  G-G’  )(k+G) .  ( k+G’ )  HZ(G’)  =  HZ(G)  (14) 

G' 

where  the  Fourier  components  of  - are  g(0)  =gb  +  (ga  -  gb )  f  and  g(G^0)=  2f(ga-gb)Ji(x)/x 

f(x,y) 

For  the  case  of ‘dielectric  atom’  ,ga  =  1/  (co/c)2e  ,  gb  =  1/  [  (co/c)2-  1/A.2  ] . 

For  the  case  of ‘superconductor  atom’,  g„  =  1/  [  (co/c)2  -  1/A.2  ] ,  gb  =  1/  (co/c)2e  . 


4.  COMPUTATION  OF  THE  MATRIX  EIGENVALUES 

Equations  12  &  14  ,  each  forms  a  set  of  N  x  N  size  matrix  ,  where  N  ->  oo  .  For  each  k  in  the  first  Brillioun  zone,  we  use 
the  Matlab  command  ‘ eig  9  to  solve  all  the  N  eigenfrequencies  co  /c  for  the  case  of  E-polarization  .  Unfortunately,  this 
approach  cannot  be  used  to  solve  for  H-polarization  ,  because  Eq.  14  cannot  be  expressed  in  an  eigenvalue  form.  We  have  to 
use  the  zero-determinant  to  find  the  solution  for  k  ,  given  each  value  of  co  /c  .  Due  to  this  difficulty  ;  in  this  paper,  we 
confined  our  study  to  the  case  of  E-polarization  .  We  have  used  N=289  plane  waves  for  the  computation  of  the  band 
structures  and  field  distributions  results  presented  in  Section  5  .  The  axis  of  all  figures  are  normalized  in  unit  of  27t  /a  .  So 
the  band  structures  are  coa/27tc  versus  ka/27i . 


5.  RESULTS  AND  DISCUSSIONS 

The  photonic  band  structures  for  dielectric-superconducting  PC  appear  essentially  the  same  (  comparing  Fig. la  &  lb  )  as 
the  all-dielectric  PC  (  where  the  superconductor  is  replaced  by  vacuum  with  s  =  1  )  except  for  the  existence  of  the  bandgap 
from  zero  frequency  .  The  higher  bands  are  the  product  of  the  higher  G  terms  in  Eq.  12.  We  find  that,  the  higher  bands  are 
up-shifted  approximately  (1-f  )/  X2  and  f/?tL2  for  dielectric  and  superconducting  ‘atom’  respectively.  The  band  structures 
appear  to  be  up-shifted  more  for  lower  bands,  thus  creating  a  low  frequency  (LF)  gap  which  size  (coe)  increases  with  inverse 
of  the  penetration  depth  (  IIXL  )  .  However  ,  the  increment  is  not  indefinite.  Instead  ,  it  saturates  for  extremely  low 
penetration  depth  for  all  values  of  dielectric  constant  s  and  atom  ratio,  r  (Fig.  2  &  3  )  when  the  expulsion  of  the  electric  field 
by  the  superconductor  is  maximum.  The  onset  of  saturation ,  defined  as  the  point  where  d2coe  /  d  (1/^L)2  is  maximum ,  occurs 
at  l/kL~2  .  The  fact  that  superconductor  acts  as  a  field-forbidden  medium  while  the  dielectric  acts  as  field-confining  medium 
for  frequency  below  l/XL  is  clearly  shown  in  Fig.  4  &  5.  At  frequency  greater  than  1/A,L  ,  the  field  begins  to  penetrate  more 
and  more  into  the  superconductor  (  Fig  4b  &  5b).  The  electric  field  for  the  fundamental  mode  is  tightly  confined  within 
‘dielectric  background’  (  Fig.4a  )  and  ‘dielectric  atom’  (  Fig.  5a  )  since  the  field  is  highly  evanescent  in  the  superconductor  . 
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The  LF  gap  size  increases  with  the  superconductor  filling  fraction,  fs  (  Fig.  6a)  but  decreases  with  the  dielectric  filling 
fraction  fd  (=l-fs )  ( Fig.  6b ) .  The  LF  gap  is  maximum  ( =  1/  /.L )  with  bulk  superconductor ,  as  fd  -»  0  ( Fig.  6b) .  Creating 
large  bandgap  alone  does  not  have  much  use.  It  is  the  flexibility  of  using  photonic  crystal  to  control  the  photonic  bandgap  for 
various  purposes  that  makes  it  so  useful  and  motivates  the  understanding  of  the  mechanisms  of  bandgap  .  A  frequency  with 
a  wavelength  too  large  (  X  /  2  >  field  confining  width  )  to  fit  into  the  dielectric  region  will  be  forbidden  inside  the  PC  . 
Figure  7a  &  7b  implies  that  the  LF  gap  is  slightly  larger  for  fields  confined  to  the  background  than  the  fields  confined  to  the 
‘atom’  even  though  the  area  of  the  background  and  the  ‘atom’  are  the  same  within  a  unit  cell  (f=0.5).  Therefore,  the  LF  gap 
size  does  not  only  depend  on  the  field-confining/forbidden  area,  but  also  depend  on  the  geometry  of  the  area  ,  since  it  is  the 
geometry  which  determines  the  field-confining  width  .  Figures  7a  &  b  also  show  that  the  LF  gap  size  decreases  with 
dielectric  constant  e  for  both  superconducting  and  dielectric  ‘atoms’.  The  effect  of  increasing  e  is  equivalent  to  increasing 
the  effective  field  confining  width.  The  wavelength  is  simply  squeezed  more  if  e  is  larger  .  This  means  that  larger 
wavelengths  can  now  fit  into  the  field-confining  width ,  thus  reducing  the  LF  gap. 

The  band  structure  of  Fig.  8a  is  computed  using  optimized  parameters  ,  8=1,  1/XL=2  and  r=0.9  which  maximized  the  LF 
gap  for  ‘superconducting  atom’  ( ‘dielectric  atom’ ).  One  large  bandgap  exists  in  the  band  structure  at  a  higher  aJX 
(  ~1.75  ).  The  width  and  frequency  of  this  gap  can  be  tuned  .  This  property  could  be  advantageous  to  the  fabrication  of 
dielectric-superconductor  PC  with  higher  precision  operating  in  optical  regime  since  the  required  lattice  constant  is  larger  . 
Normally,  the  bandgap  for  dielectric  PC  exists  around  a/  X  ~  0.5  .  The  required  small  lattice  constant  makes  the  fabrication 
of  a  perfect  PC  in  optical  regime  difficult . 

A  highly  dielectric-localized  fundamental  mode  with  almost  flat  dispersion  ( Fig.  8b )  divides  the  LF  gap  and  another  gap  for 
‘dielectric  atom’  with  optimized  1/Xl=2  and  r=0. 1  but  a  large  dielectric  constant  s=14  .  We  found  that  the  frequency  of  the 
mode  decreases  with  e  .  This  mode  is  ideal  for  use  as  a  superhigh-Q  resonant  cavity  .  Operating  at  a  frequency  where  the 
superconductor  is  perfectly  field-repulsive  (  completely  no  absorption  of  photon  )  with  very  small  fraction  of  dielectric 
phase  (r=0.1) ,  the  PC  can  be  used  to  store  up  high  EM  energy  density  within  the  ‘dielectric  atoms’,  which  form  a  periodic 
resonant  cavities . 

The  typical  relaxation  time  t  of  the  normal  fluid  ranges  from  10'"  s  ( near  0  K )  to  10'15  s  ( near  Tc ) 14 .  If  the  PC  operates  at 
optical  regime  ,  ©  ~  5  x  1015  s'1 ;  then  Eq.  6  is  valid  (since  tco  »  1  )  and  the  penetration  depth  XL,  0  which  determines  the 
LF  gap  size  is  independent  of  temperature  at  below  Tc .  Suppose  that  we  wish  to  make  use  of  the  iocalized  mode  in  Fig.  8 
using  a  superconductor  with  small  XLj  0  (  =  64  nm )  like  Nb3  Sn  15 .  Then,  the  required  lattice  constant  is  about  0.8  micron 
and  the  resonant  wavelength  is  about  500  nm ,  in  the  optical  regime.  For  temperature  dependent  applications  ,  the  PC  has  to 
operate  at  low  frequency  regime  and  further  conditions  12  have  to  be  satisfied  for  the  imaginary  conductivity  approximation 
to  hold . 


Figure  1 :  Band  structures  for  E-polarization  with  f  =  0.43  l,s  =  14  and  1/  XL  =  0.5. 
a)  dielectric  ‘atoms’  in  superconducting  background ,  b)  all-dielectric  PC  with  background  dielectric  e  =  1 
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Figure  3:  LF  gap  size  versus  l/XLfor  different  rwith  6  =  4  a) ‘superconducting  atom’  b)’ dielectric  atom’ 


Figure  5:  Spatial  distribution  ( in  unit  a )  of  Ez  field  intensity  for  ‘superconducting  atom5  at  point  K  with 
8=14,1/Xl  =  2  ,  r  =  0.1  and  a)  co/c  =1.5973  (  1st  band )  ,  b)  co/c  =  3.1924  (  higher  band ) 


r  r 


a) 


b) 


Figure  6  :  LF  gap  size  versus  r  =d/a ,  withe  =  5  and  1/A.L  =  2  for 
a) ‘superconductor  atom’ and  b)  ‘dielectric’ atom.  The  solid  line  is  the  cubic  polynomial  fit  to  the  computed  points  ‘o: 


e 


e 


Figure  7  :  LF  gap  size  versus  dielectric  constant  8  ,  with  f  =  0.5  and  l/XL  =  2  for 
a)  ‘superconductor  atom’  and  b)  ‘dielectric’  atom. 


Figure  8:  Band  structures  showing  large  LF  gap  a)  e  =  1  ,  1/  XL  =  2  and  r  =  0.9  for  ‘superconducting  atom’ 

b)  e  =  14  with  1/  X.L  =  2  and  r  =  0.1  for  ‘dielectric  atom’ 


6.  CONCLUSIONS 

We  have  studied  the  photonic  band  structure  and  the  electric  field  distribution  in  2-D  superconductor-dielectric  photonic 
crystal  using  the  plane  wave  expansion  method  and  two  fluid  model.  We  found  very  large  low  frequency  gap  as  due  to  the 
expulsion  of  the  electric  field  from  the  superconductor  .  However,  the  field  with  frequency  greater  than  l/\L  can  propagate  in 
the  superconductor.  Qualitative  explanations  for  the  dependency  low  frequency  gap  size  on  dielectric  constant ,  penetration 
depth  and  filling  fraction  have  been  given  .  A  smaller  gap  have  been  found  at  much  higher  lattice  constant  /  wavelength 
ratio.  We  also  found  a  fundamental  mode  with  extremely  localized  electric  field  in  the  dielectric  phase,  similar  to  the 
localized  mode  in  defective  photonic  crystal .  This  photonic  crystal  could  be  useful  as  superhigh-Q  periodic  resonant  cavities 
,  optical  device  in  superconducting  electronics  and  temperature  tuned  bandgap  device  . 
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ABSTRACT 

Gigabit/s-LANs  with  0.85  pm  vertical  cavity  surface  emitting  lasers  (VCSELs)  are  now  going  into  the  market.  But, 
their  link  length  is  limited  to  be  shorter  than  500  m  due  to  modal  dispersion  of  employed  multi-mode  fibers  and  various 
modal  problems  should  be  considered  in  system  design.  The  next  step  will  be  to  develop  long  wavelength  VCSELs 
matching  to  a  single  mode  fiber  with  longer  link  lengths  of  several  km  and  higher  data  rates.  Long  wavelength  single  mode 
fiber  datacom  should  be  advantageous  because  of  avoiding  modal  noise  and  relaxing  eye  safe  issues.  Recently,  we 
demonstrated  a  1 .2  pm  wavelength  highly  strained  GalnAs/GaAs  quantum  well  (QW)  edge  emitting  laser,  which  exhibits 
reasonably  low  threshold  and  excellent  temperature  characteristics.  The  threshold  current  is  as  low  as  13  mA  for  an  as- 
cleaved  5  x  380  pm  laser.  A  characteristic  temperature  T0  under  pulsed  operation  is  as  high  as  140  K.  This  is  the  record  high 
T0  in  1.2  -  1.3  p,m  wavelength  band.  Even  under  "heatsink-free"  cw  operations,  T0  was  much  higher  than  that  of 
conventional  1.3  pm  GalnAsP/InP  systems.  We  can  avoid  thermoelectric  coolers  as  well  as  heatsink  itself,  thus,  an  all¬ 
plastic  mold  package  without  heatsink  may  give  us  a  drastic  cost  reduction. 

It  is  interesting  to  note  that  commercial  standard  single  mode  fibers  are  designed  to  locate  a  cutt-off  wavelength  at  around 
1.2  urn  for  the  purpose  of  production  tolerance.  A  question  arises:  whether  this  1.2  pm  wavelength  band  can  be  utilized 
for  single  mode  fiber  datacom  or  not.  We  have  demonstrated  a  2  Gb/s-5km  single  mode  fiber  data  transmission 
experiment  using  a  fabricated  1 .22  pm  uncooled  GalnAs/GaAs  laser. 

We  believe  that  the  VCSEL  technology  may  drastically  improve  the  transmitter  performances  at  this  new  wavelength 
band  and  this  1.2  pm  Gigabit  LAN  may  become  realistic  by  extensive  developments.  In  this  paper,  we  would  like  to  discuss 
a  possibility  of  high  speed  datacom  using  a  newly  developed  1 .2  pm  highly  strained  GalnAs/GaAs  lasers. 

Keywords:  Long  wavelength  lasers,  Strained  quantum  wells,  Data  link,  Surface  Emitting  Lasers,  Single  mode  fiber 

1.  INTRODUCTION 

The  optical  technology  is  becoming  inevitable  for  high  speed  local  area  networks  (LANs)  and  computer 
interconnects.  Gigabit/s-LANs  with  0.85  pm  vertical  cavity  surface  emitting  lasers  (VCSELs)  are  now  going  into  the  market. 

But,  their  link  length  is  limited  to  be  shorter  than  500  m  due  to  modal  dispersion  of  employed  multi-mode  fibers  and  various 
modal  problems  should  be  considered  in  system  design.  The  next  step  will  be  to  develop  long  wavelength  VCSELs 
matching  to  a  single  mode  fiber  with  longer  link  lengths  of  several  km  and  higher  data  rates.  Long  wavelength  single  mode 
fiber  datacom  should  be  advantageous  because  of  avoiding  modal  noise  and  relaxing  eye  safe  issues.  Figure  1  shows 
various  materials  for  VCSELs  in  wide  spectral  ranges.  There  have  been  several  approaches  toward  1.3  pm  VCSELs  by 
using  various  materials  on  GaAs,  such  as  GalnNAs/GaAs  [l]-[3],  GaAsSb/GaAs  [4]  and  GalnAs/GaAs  quantum  dots  [5]. 
On  the  other  hand,  high  performance  GalnAs/GaAs  edge  emitting  lasers  have  been  demonstrated,  but  their  lasing 
wavelength  has  been  limited  below  1.1  pm  [6]  Recently,  we  demonstrated  a  highly  strained  GalnAs/GaAs  quantum  well 
(QW)  laser  emitting  at  nearly  1.2  pm  wavelength,  which  exhibits  reasonably  low  threshold  and  excellent  temperature 

characteristics  [7].  If  we  are  able  to  extend  the  lasing  wavelength  by  using  highly  strained  QWs,  we  can  expect  various 
benefits  in  the  following: 

1)  Possibility  for  single  mode  fiber  LANs  with  longer  link  length  and  higher  data  rate 


Part  of  the  SP1E  Conference  on  Photonics  Technology  into  the  21st  Century: 
Semiconductors.  Microstructures,  and  Nanostructures  •  Singapore  •  December  1999 
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2)  Increased  power  level  for  eye  safety 

3)  Reduced  operating  voltages  for  advanced  CMOS  circuits 

4)  Better  sensitivity  in  GalnAs  detectors 

5)  Performance  improvements  by  high  strain  and  deeper  wells 


Also,  it  is  interesting  to  note  that  commercial  standard  single  mode  fibers  are  designed  to  locate  a  cut-off  wavelength  at 
around  1.2  pm  for  the  purpose  of  production  tolerance  as  shown  in  Fig.  2.  In  other  word,  the  cut-off  wavelength  of 
roughly  50%  of  commercial  single  mode  fibers  is  shorter  than  1.2  pm.  A  question  arises:  whether  this  1.2  pm  wavelength 
band  can  be  utilized  for  single  mode  fiber  datacom  or  not.  The  solution  may  come  from  a  laser  availability  at  1 .2  pm 
wavelength  band.  In  this  paper,  we  like  to  present  some  lasing  characteristics  of  1.2  pm  highly  strained  GalnAs/GaAs  QW 
lasers  and  to  discuss  a  possibility  of  single  mode  fiber  data  transmission  by  using  a  1 .2  pm  uncooled  laser. 

Wavelength 
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1  1  i  1  1  1 
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0.98—1.2 

GaAIAs/GaAs 
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GaAUnP/GaAs 

0.63—0.67 
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GalnAlN/GaAIN 

0.3— 0.5 

Fig.l  Materials  for  VCSELs  in  wide  spectral  range 


Cut-off  Wavelength  Xc  (|im) 

Fig.  2  Distribution  of  cut-off  wavelength  of  standard  single-mode  fibers. 
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2.  HIGHLY  STRAINED  1.2  pm  GalnAs/GaAs  QUANTUM  WELL  LASER 


We  have  developed  highly  strained  GalnAs/GaAs  QW  lasers  emitting  beyond  1.2  pm  in  wavelength  by  growing 
wafers  by  metalorganic  chemical  vapor  deposition  (MOCVD).  We  realized  good  crystal  quality  for  highly  strained  QWs 
by  optimizing  growth  conditions  in  MOCVD  and  by  using  a  strained  buffer  layer  [7].  The  active  region  consists  of  7.5 
nm  thick  Ga^Ii^gAs  wells  and  19  nm  thick  GaAs  barriers.  The  details  are  described  in  ref.  [7].  The  PL  peak  wavelength 
of  a  processed  wafer  was  1.17  Jim,  which  can  be  extended  to  1.2  pm  without  any  penalties  in  crystal  qualities.  We 
fabricated  5  pm  wide  ridge  waveguide  stripe  lasers  as  shown  in  Fig.3.  Fabricated  chips  were  tested  on  a  copper  plate 
without  bonding,  resulting  in  a  high  thermal  resistance  of  about  1000  K/W.  The  device  worked  well  even  under  such 
“heatsink-free  operation  ’  .  Figure  4  shows  light  output/current  characteristics  for  various  temperatures  of  sub-mount 
under  "heatsink-free"  cw  operations.  The  lasing  wavelength  at  85  *C  is  1.22  pm.  Heating  of  the  chip  under  cw  operation 
increases  the  wavelength  by  about  20  nm.  A  threshold  of  14  mA  and  a  slope  efficiency  of  0.2  W/A  are  obtained  for  5  X 
380  pm2  as-cleaved  ridge  waveguide  lasers  under  room  temperature  pulsed  operations.  Some  devices  under  high  injection 
showed  a  lasing  wavelength  beyond  1.25  pm  due  to  heating  as  shown  in  Fig.  5,  which  is  the  longest  wavelength  ever 
reported  for  GalnAs/GaAs  systems.  Figure  6  shows  the  temperature  dependence  of  thresholds.  A  characteristic 
temperature  T0  under  pulsed  operation  is  as  high  as  140  K  for  as-cleaved  380  pm  long  devices.  Even  under  "heatsink-free" 

cw  operations,  T0  (=  66K^140K)  was  higher  than  that  of  conventional  1.3  pm  GalnAsP/InP  systems.  Technologies  well- 
established  on  0.85  pm  or  0.98  pm  VCSELs  can  be  used  for  realizing  1.2  pm  VCSELs.  We  could  expect  heatsink-free 

transmitter  modules  using  such  high  performance  long  wavelength  VCSELs.  If  we  are  able  to  avoid  thermoelectric  coolers 
as  well  as  heatsink  itself,  an  all-plastic  mold  package  without  heatsink  may  give  us  a  drastic  cost  reduction. 


Injection  Current  (mA) 


Fig.3  Schematis  structure  of  1.2  um  GalnAs/GaAs  Fig.  4  Light  output/current  characteristics  and 

ridge  waveguide  laser.  lasing  spectrum  under  heatsink-free  cw  operation. 


3.  SINGLE  MODE  FIBER  DATA  TRANSMISSION  AT  1.2  pm 

The  most  important  issue  is  whether  single  mode  fiber  transmission  is  possible  in  1 .2  pm  wavelength  band  or  not. 
We  carried  out  a  2  Gb/s  data  transmission  experiment  with  a  5  km  long  standard  single  mode  fiber  by  using  a  fabricated  1.2 
pm  laser.  The  fabricated  laser  was  directly  modulated  using  an  NRZ  pseudorandom  bit  sequence  (PRBS)  with  a  word  length 
of  215-l.  The  laser  emission  was  coupled  into  a  5  km  long  single  mode  fiber  with  a  cut-off  wavelength  of  1.16  pm.  After 

transmission  through  the  single  mode  mode  fiber,  the  signal  light  was  detected  by  a  8  GHz  bandwidth  PIN-FET  receiver  and 
the  electrical  signal  was  amplified  and  fed  to  an  electrical  sampling  oscilloscope  and  a  bit  error  detector  (ANRITSU 
MP1762A).  The  bias  current  was  1.1  times  the  threshold.  The  bias  current  was  carefully  set  to  minimize  the  spectrum 
broadening  of  a  modulated  laser.  The  modulation  current  was  30  mA  peak-to-peak.  Figures  7  (a)  and  (b)  show  the 
spectrum  under  cw  operation  and  under  2  Gb/s  direct  modulation,  respectively.  The  peak  wavelength  of  a  modulated 
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Fig.  5  Spectrum  showing  the  longest  emission 

wavelength  under  heatsink-free  cw  operation. 


Fig.  6  Temperature  dependence  of  thresholds 
under  cw  and  pulsed  operations 


GalnAs/GaAs  laser  was  1 .22  pm. 

Figure  8  shows  the  bit  error  rate  and  eye  patterns  before  and  after  the  transmission  of  a  5  km  long  single  mode 
fiber.  Power  penalty  was  below  1  dB.  We  also  measured  a  small  signal  transmission  bandwidth  of  the  fiber  by  using  a 
1.22  pm  GalnAs/GaAs  QW  laser  modulated  by  a  10  GHz  bandwidth  LiNb02  external  modulator  as  shown  in  Fig.  9.  The 
result  exhibits  a  potential  bandwidth  of  higher  than  10  GHz  for  a  5  km  long  fiber.  The  link  length  could  be  extended  up  to 
1 0  km  with  a  bit  rate  of  1  Gb/s. 


Received  Power  (dBm) 


Fig.  8  2  Gb/s  single  mode  fiber  data  transmission 

with  1.22  um  directly  modulated  GalnAs/GaAs 
QW  laser. 


1.215  1.22  1.225 

Wavelength  (uni) 

(a) 
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2  Gh/s 

• 

1.215  1.22  1  225 
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Fig.  7  Lasing  spectrum  under  cw  (a)  and 
2  Gb/s  modulation  (b). 
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Fig.  9  Small  signal  frequency  response  of  5km  long 
single  mode  fiber  measured  by  using  1.22  um 
GalnAs/GaAs  laser  and  10  GHz-bandwidth 
external  modulator. 

4.  PROSPECTS  of  1.2  jam  SINGLE  MODE  FIBER  LANS 

A  standard  single  mode  fiber  can  guarantee  single  mode  transmission  at  a  wavelength  of  longer  than  1 .27  urn, 
although  the  cutoff  wavelength  of  most  of  standard  fibers  is  around  1.2  pm.  Thus,  two  modes  (LP01  and  LPn  modes)  still 
remain  in  the  worst  case  at  1.2  um.  One  possible  solution  is  to  select  fibers  with  a  cut-off  wavelength  shorter  than  1.2  pm. 
It  is  not  a  big  trouble  increasing  the  cost,  because  50  %  of  commercial  single  mode  fibers  may  give  us  a  cut-off  wavelength 
of  below  1.2  pm.  Another  simple  way  is  to  introduce  a  mode  filter  consisting  of  a  fiber  loop  to  eliminate  the  LPn  mode, 
which  was  recently  demonstrated  for  single  mode  fiber  transmission  by  using  a  0.85  pm  VCSEL  [8],  Figure  10  shows  the 
calculated  loss  of  the  fiber  loop  filter  as  a  function  of  the  loop  radius  [9],  Even  if  a  modal  dispersion  may  happen,  we  can 
easily  avoid  the  LP, ,  mode  by  using  the  mode  filter  with  a  negligible  power  penalty  for  the  fundamental  LP0I  mode.  Also, 
the  dispersion  effect  due  to  mode  coupling  between  these  two  modes  in  installed  fibers  would  be  small  at  an  operating 
wavelength  near  the  cut-off  wavelength. 


Fiber  Loop  Radius  (mm) 

Fig.  10  Loss  of  fiber  loop  mode  filter  for  LP01  and  LP1 1  modes. 
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Figure  1 1  shows  the  calculated  transmission  bandwidth  for  VCSEL  data  links,  exhibiting  performances  even 
better  than  that  using  1.3  pm  Fabry-Perot  LDs.  A  slight  increase  in  transmission  loss  and  chromatic  dispersion  in 
comparison  with  a  1.3  pm  wavelength  band  may  not  be  a  big  issue.  A  higher  transmission  bandwidth  can  be  expected 
because  of  the  dynamic  single  mode  operation  of  VCSELs. 


Fig.  1 1  Transmission  Bandwidth  of  VCSEL  Datalink 


5.  CONCLUSION 

We  have  demonstrated  a  2  Gb/s  single  mode  fiber  data  transmission  experiment  using  a  1.22  pm  highly  strained 
GalnAs/GaAs  laser  with  a  high  characteristic  temperature  of  140  K.  We  like  to  strongly  suggest  a  "1.2  pm  wavelength 
band"  using  high  performance  GalnAs/GaAs  VCSELs  for  high  speed  single  mode  fiber  LANs  of  several  Gb/s  or  beyond. 
We  believe  that  the  VCSEL  technology  may  drastically  improve  the  transmitter  performances  at  this  new  wavelength  band 
and  this  1 .2  pm  Gigabit  LAN  may  become  realistic  by  extensive  developments. 
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Performance  of  a  Serial-Search  Synchroniser  for  Fibre-based  Optical 
CDMA  Systems  in  the  Presence  of  Multi-user  Interference 
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ABSTRACT 

This  paper  examines  the  performance  of  a  serial-search  synchronisation  system  in  the  presence  of  multiple  access 
interference  and  receiver  noise  for  a  non -coherent  fibre-based  optical  CDMA  system  using  optically  orthogonal  codes.  Hie 
synchronisation  performance  of  two  different  optical  CDMA  systems,  an  on-off  keyed  system  and  an  M-ary  pulse-position 
modulation  system  with  M=  2,  are  compared.  The  effects  of  the  dwell-time,  the  total  number  of  users,  the  code  weight, 
decision  threshold  and  optical  hard-limiters  on  the  mean  acquisition  time  of  the  synchroniser  are  examined.  It  is  shown  that 
an  optimum  dwell-time  exists  which  minimises  the  mean  acquisition  time. 

Keywords:  optical  CDMA,  serial-search  synchronisation,  code  acquisition 


1.  INTRODUCTION 

In  an  optical  CDMA  system,  the  receiver  must  be  able  to  synchronise  to,  and  track,  the  code  sequence  contained  within  the 
received  signal.  This  signal  is  generally  buried  in  the  multiple  access  interference  (MAI)  generated  by  the  other  CDMA 
users  sharing  the  channel.  The  synchronisation  process  consists  of  two  parts:  initial  coarse  synchronisation,  which  is  called 
acquisition,  and  the  subsequent  fine-tuning  and  the  continuous  tracking  of  the  code  sequence.  In  this  paper,  only  the 
acquisition  process  is  examined. 

For  a  non -coherent  optical  CDMA  system  using  the  on-off  keying  (OOK)  method  with  optical  orthogonal  codes  (OOC)  and 
optical  tapped-delay-line  receivers,  the  structure  of  the  spread-spectrum  signal  is  different  from  the  conventional  direct- 
sequence  spread-spectrum  signal  used  in  wireless  CDMA  systems.  This  has  an  impact  on  the  acquisition  process.  In 
conventional  CDMA,  the  spreading  code  is  modulo-2  added  to  the  data  bits,  which  is  equivalent  to  multiplying  the  chips 
with  the  bits  when  they  are  represented  as  polar  signals.  In  this  case,  synchronisation  can  be  carried  out  by  correlating  the 
received  signal  with  a  locally  generated  replica  signal.  Maximum  correlation  generally  indicates  that  the  replica  code  is 
synchronised  to  the  code  in  the  received  signal.  For  the  CX)K/OOC  optical  CDMA  system,  the  chip  sequence  is  effectively 
ANDed  with  the  data  bits.  In  this  case,  acquisition  involves  locating  the  wanted  chip  positions  within  the  data  bit  period  and 
rejecting  the  chips  of  the  other-user  codes  that  fall  within  the  same  data  bit  period.  This  is  carried  out  using  the  passive 
optical  delay  line,  but  requires  data  bit  synchronisation.  To  achieve  chip  and  bit  synchronisation  within  the  same  acquisition 
time  requires  that  a  training  sequence  of  spread  data  bits  is  transmitted.  The  output  from  the  optical  tapped  delay  line  is  then 
compared  with  the  required  training  sequence.  The  dwell-time  of  the  correlation  process  for  the  optical  CDMA  system  is 
now  spread  over  the  training  sequence.  This  is  a  different  process  to  that  needed  for  a  conventional  CDMA  system. 

The  importance  attributed  to  the  acquisition  time,  and  hence  the  required  system  complexity,  depends  upon  the  intended 
application.  In  some  situations,  rapid  acquisition  may  be  required,  such  as  for  short  bursts  of  data  exchange.  If  the 
acquisition  time  is  long,  the  data  throughput  is  reduced.  However,  for  applications  where  the  data  transfer  period  is 
relatively  long,  the  time  taken  to  synchronise  is  not  a  critical  parameter  and  it  is  more  important  to  ensure  that 
synchronisation  has  been  achieved  reliably. 
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Code  acquisition  for  radio-based  spread  spectrum  systems  has  been  covered  extensively  in  the  literature1'2,3.  In  1990, 
Kiasalelv  considered  the  problem  of  code  acquisition  for  a  spread  spectrum  system  using  on-off  keying  and  pseudonoise 
(PN)  codes  over  an  optical  channel.  More  recently,  code  acquisition  for  both  coherent5  and  n on-coherent6  optical  CDMA 
systems  have  been  examined.  In  this  papa*,  an  analysis  of  the  mean  acquisition  time  of  a  serial  search  synchroniser  used  in  a 
non-coherent  optical  CDMA  system  is  presented  using  the  flow  graph  technique.  The  synchronisation  performance  of  two 
different  optical  CDMA  systems,  an  OOK  and  an  Af-ary  pulse-position  modulation  (PPM)  with  M=  2,  are  compared.  The 
effects  of  the  dwell-time  (i.e.  training  sequence  length),  the  OOC  code  weight,  the  number  of  users,  the  detector  decision 
threshold  and  the  use  of  optical  hard-limiters  on  the  mean  acquisition  time  are  examined. 


2.  SYSTEM  DESCRIPTION 

The  system  investigated  here  is  a  fibre-based,  non-coherent  optical  CDMA  network  utilising  a  star  topology  with  optical 
tapped-delay  line  encoders  and  decoders7,  as  shown  in  Figure  1.  Optical  orthogonal  codes8  are  used  to  spread  the  data  bits. 
The  OOC  used  has  a  length  of  F  chips  and  a  code  weight  of  K.  It  is  assumed  that  all  N  users  are  sending  data  to  the  network 
continuously.  Also,  it  is  assumed  that  the  target  station  already  knows  the  OOC  of  the  transmitting  statical,  and  that  it  is 
expecting  to  receive  data  from  that  station.  Consequently,  the  target  receiving  station  tries  to  synchronise  itself  with  the 
OOC  of  the  transmitting  station  continuously.  Moreover,  it  is  assumed  that  the  system  is  chip  synchronous,  i.e.  the  chips  are 
located  at  multiples  of  the  chip  width  Tc . 


Figure  1(a):  A  star  topology  optical  CDMA  network  and  Figure  1(b):  Fibre-optic  tapped  delay-line  encoder 


To  assist  in  the  search  of  the  wanted  chip  location,  a  training  sequence  of  length  £  bits  is  sent  by  the  transmitter.  This 
training  sequence  must  be  known  to  the  target  station  in  order  for  the  receiver  to  successfully  retrieve  it  from  the  incoming 
signal.  Also,  it  is  assumed  that  the  location  of  the  training  sequence  within  the  data  stream  is  known  by  the  receiving  station, 
although  the  precise  chip  location  is  unknown. 

In  an  OOK  system,  when  a  data  bit  T  is  sent,  a  code  sequence  is  transmitted,  but  when  a  data  bit  ‘O’  is  sent  no  signal  is 
transmitted.  Therefore,  the  first  bit  of  the  training  sequence  must  be  a  data  bit  ‘  1’.  Although  the  training  sequence  starts  with 
a  *1*  bit,  it  is  assumed  that  the  probability  of  a  data  bit  ‘O’  and  a  data  bit  ‘1’  occurring  in  the  training  sequence  is  equal. 

The  receiver  arbitrarily  takes  the  first  F  chips  into  consideration.  This  is  because  the  beginning  of  the  initial  training  bit  is 
unknown  to  the  receiver.  Then,  each  chip  is  examined  to  see  if  it  exceeds  the  threshold.  If  the  threshold  is  exceeded,  which 
means  that  a  *V  is  detected,  the  location  (within  the  data  bit)  of  these  chips,  Xx  =  {jc1q,x1i  },  is  stored  for  comparison 

at  a  later  stage.  The  stored  elements  in  X  x  denotes  the  probable  locations  of  the  wanted  chip.  This  process  is  repeated  for 
the  remaining  (^-l)  training  bits.  For  the  bit,  each  chip  is  compared  with  the  threshold  and  if  it  exactly  matches  the 
training  sequence  in  conjunction  with  the  elements  in  (X1,X2,...,X^_1)  synchronisation  is  achieved.  Otherwise,  that 
particular  chip  location  is  disregarded  and  the  next  chip  is  examined.  Using  this  search  method,  only  the  exact  training 
sequence  is  detected.  If  an  error  occurs  in  detecting  one  bit  of  the  training  sequence,  the  receiver  will  not  synchronise.  As 
the  length  of  the  training  sequence  increases,  the  probability  of  making  a  synchronisation  error  decreases;  however  the 
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acquisition  time  increases  as  a  direct  consequence  because  the  search  rate  has  been  reduced.  Consequently,  acquisition  is  a 
compromise  between  achieving  a  high  enough  probability  of  synchronisation  and  the  search  rate. 

2.1.  Optical  Hard-Limiter 

The  use  of  optical  hard-limiters9  reduces  certain  patterns  of  interference  and  this  can  reduce  the  bit  error  probability.  In 
these  simulations,  an  ideal  optical  hard-limiter  is  assumed  whereby  the  input  signal  intensity  is  limited  to  vf  if  it  is  equal  to 
or  greater  than  the  threshold,  otherwise,  the  hard-limiter  output  is  zero.  This  is  represented  as: 

v/  **3*  (1) 

0  0  <  y  < 

where  yth  is  the  threshold  level.  Within  the  system  simulations,  the  optical  hard-limiter  precedes  the  receiver  correlator. 

2.2.  M-ary  Pulse-Position  Modulation  Encoding 

If  the  number  of  consecutive  zero  bits  within  the  training  sequence  is  large  it  may  lead  to  an  increased  probability  of  non- 
synchronisation.  To  reduce  this  effect,  the  use  of  M-ary  pulse-position  modulation  (PPM)  with  M  =  2  encoding  is  also 
examined.  In  this  encoding  technique,  data  bits  T  and  *0’  are  represented  by  ‘10’  and  ‘01’  bits  respectively10,11.  This  has 
the  effect  of  doubling  the  training  sequence  length  from  t  bits  to  It  bits. 


2.3.  Receiver  Noise 


In  previous  work,  it  has  been  assumed  that  the  photodetector  in  the  receiver  is  noiseless.  In  this  paper,  the  receiver  noise  is 
included  in  the  performance  analysis  to  achieve  a  more  realistic  system.  Here,  an  avalanche  photodiode  (APD)  is  used.  For 
the  APD,  the  distribution  of  photocurrent  is  assumed  to  be  Gaussian,  and  it  is  given  by: 


rAPD 


M- 


V2na2 


exp 


(*-n)2 

2c2 


(2) 


where  a2  is  the  variance  and  |I  is  the  mean  photocurrent.  In  this  case,  the  variance  includes  shot  noise  and  thermal  noise 
components  and  is  defined  as: 


o2=2eB{lph+ID)M2+r  + 


AkTBF„ 


(3) 


In  this  equation,  the  first  term  represents  shot  noise  and  the  second  term  represents  thermal  noise,  e  is  the  electron  charge,  B 
is  the  bandwidth  at  the  receiver  front-end,  IPh  is  the  generated  photocurrent,  ID  is  the  dark  current,  M  is  the  multiplication 
factor,  yis  the  detector  material  constant,  k  is  Boltzmann’s  constant,  T  is  the  absolute  temperature,  FN  is  the  detector 
amplifier  noise  figure  and  Ri  is  the  detector  circuit  load  resistance.  The  photocurrent,  Iph,  is  dependent  upon  the  optical 
power  incident  upon  to  the  detector,  <f>: 


ifbeX 

'<*  — 


(4) 


where  77  is  the  detector  quantum  efficiency,  k  is  the  wavelength,  h  is  Plancks  constant  and  c  is  the  velocity  of  light  in 
vacuum.  In  the  simulation  of  the  system,  described  in  section  4,  all  optical  losses  due  to  the  optical  tapped  delay  line 
encoders  and  decoders  and  the  star  coupler,  etc.  are  included  when  O  is  calculated.  This  equation  indicates  that  the 
probability  density  function  depends  on  the  photon  density  input  via  the  shot  noise  term. 


2.4.  Failed  Synchronisation 

The  training  sequence  is  retransmitted  until  the  receiver  has  synchronised  to  the  received  signal.  Termination  of  the  training 
sequence  could  be  via  an  acknowledgement  signal  sent  from  die  receiving  station  back  to  the  transmitting  station,  indicating 
that  synchronisation  has  been  achieved.  Alternatively,  because  the  optical  CDMA  system  uses  a  star  topology  and  data 
from  every  transmitter  is  broadcast  to  all  users,  it  is  possible  for  the  transceiver  at  the  sending-end  to  verify  that  the  receiver 
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has  been  able  to  synchronise  to  the  transmitted  code  sequence.  This  can  be  accomplished  by  allowing  the  transmitting 
station’s  receiver  to  attempt  to  synchronise  itself  with  the  transmitted  code  sequence.  This  method  is  feasible  if  the  length  of 
fibre  from  each  station  to  the  star  coupler  is  approximately  the  same.  If  the  sending  station  is  unable  to  synchronise  itself 
correctly  with  the  transmitted  signal,  it  is  very  likely  that  this  is  also  the  case  at  the  target  station. 


3.  MEAN  ACQUISITION  TIME 

In  practical  applications,  it  is  necessary  to  quantify  the  performance  of  a  synchroniser.  One  such  performance  measure  is  the 
acquisition  time.  This  is  defined  as  the  total  time  required  to  find  the  correct  wanted  chip  locations  within  the  data  bit.  The 
acquisition  time  is  a  random  variable,  and  it  is  difficult  to  quantify.  Consequently,  the  mean  acquisition  time,  which  is  the 
expected  value  of  the  total  search  time,  is  calculated  instead.  The  mean  acquisition  time  is  obtained  by  means  of  a  state 
transition  diagram  of  a  flow  graph  process  or  a  discrete-time  Markov  process  . 


The  probability  of  a  false  alarm,  Pfa,  is  the  probability  that  synchronisation  is  indicated,  but  at  the  incorrect  chip  location. 
This  occurs  when  the  multi-access  interference  mimics  the  training  sequence  pattern  and  the  receiver  synchronises  to  this 
erroneous  chip  location.  Conversely,  the  probability  that  the  receiver  synchronises  correctly  is  called  the  probability  of 
detect,  Pp-  Using  both  of  these  values,  the  mean  acquisition  time  of  the  synchroniser  can  be  calculated. 


When  a  training  sequence  of  length  i  bits  is  used,  then  for  a  chip  synchronous  system,  at  least  a  =  F{i- 1)  chips  must  be 
searched  through  before  synchronisation  is  possible.  Also,  it  is  assumed  that  if  the  training  sequence  is  located,  the  system 
verifies  that  the  correct  chip  location  has  been  obtained  by  means  of  a  further  longer  correlation.  If  it  is  a  false  alarm  a 
penalty  time  Tfa  =  bTc  is  incurred,  where  b-FL  and  L  is  the  number  of  bits  needed  to  establish  that  an  error  had  occured. 
On  the  other  hand,  if  the  correct  chip  location  is  detected,  the  search  is  completed. 

End 


Start 


•  • 


Figure  2:  Generating  Function  Flow  Graph  for  Acquisition  Time 


Figure  2  shows  a  simplified  flow  graph  for  the  acquisition  time.  Here, 


Qn(z)= 


i -pza«{H{z)y-x 


and  K„(z)  =  (l-/>n)ff(z) 


(5) 


where  n={l,2,...,F},  H(z)=  aza+M  +(l-a)z,  P  =  1  -PD  and  a  =  Pfa. 

Pm  =  is  the  a  priori  probability  of  a  correct  chip  location,  given  that  chips  {l, ....  m  - 1}  are  incorrect. 

From  Figure  2,  the  flow  graph  generating  function  is: 


^)=z0[e,(z)+F1(z)G2(z)+F1(z)r2(z)e3(z)+...+y1(z)r2(z)...yf.1(z)eF(z)] 

=  i-i^Atlr-1  +(1~P|  >p»J5rfc>*(1-fi  ft-**  h[g(z)]2+-+(i-f,  ii-p2  *v-i  frfclT1 } 
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which  can  be  simplified  to: 


,,f-v  (l-Hk"*1  ,.f  1  ,  f-l  H(Z)  F-l  F—2  ,  Wl 

l-Pza+,{ff(zF_1  \F  F  F~l  F  F~l  F~ 2  F  I 

=  (1~P)zfl+1  1  Y  \H(zt 

“l-Pz-W1  Fit  ()r 

When  z  =  1 ,  U( l)  =  1 .  The  mean  acquisition  time  is  then: 


T  acq  — 


(rc) 

z- 1 


„  f.  (l-^){(F-l)[/>/a(fl  +  h)+l]+a  +  l},  F(F-l)[p/fl(a  +  h)+l]| 

=  T, r  \  1  +  a  -I - 1 - — - f 

C[  PD  2F  J 

2 PD  +  2PDa  +  2(a  +  lXl-  PD )+  2(l - PD )  ( F - \)\pfa {a  +  b)+ 1]+  PD ( F - 1)[ Pfa ( a+b)+ 1] 


=  T, 


=  Tf 


2{a  + 1)+  (2  -  PD  )(F-l)[/>/fl(fl  +  frHl] 


2Pn 


2Pn 


where  Tc  is  included  to  translate  the  mean  acquisition  time  from  the  unit  time  scale  onto  the  real  time  scale. 


(7) 


(8) 


4.  DISCUSSION  OF  RESULTS 

To  obtain  PD  and  Pfa>  the  synchronising  receiver  system  was  simulated  using  different  combinations  of  values  of  training 
sequence  length  (dwell-time),  decision  threshold  for  the  data  bits,  th ,  code  weight  and  number  of  users.  The  simulations 
were  repeated  until  a  sufficient  number  of  samples  were  collected  for  reasonably  accurate  values  of  PD  and  PfQ  to  be 
obtained.  The  mean  acquisition  time  was  then  obtained  using  (8). 

For  the  data  transmitted  by  the  interfering  users,  the  data  bits  ‘1’  and  ‘O’  occur  with  equal  probabilities.  Also,  all  the  users 
are  assumed  to  be  bit  asynchronous,  i.e.  they  each  have  a  random  time  delay,  TD  ={0,rc,...,(F-l)rc},  with  respect  to 
each  other.  System  simulations  with  and  without  optical  hard-limiters  were  implemented.  In  the  simulations  that 
incorporated  hard-limiters,  the  hard-limiters  were  placed  at  the  input  to  the  decoder.  The  hard-limiters  clip  the  value  of  the 
chips  to  a  normalised  value  of  1,  and  thus  for  a  spreading  sequence  of  code  weight  K,  the  maximum  output  of  a  hard-limited 
correlator  is  K.  When  receiver  noise  was  added  to  the  system,  the  receiver  decision  threshold  was  obtained  by  finding  the 
optimum  probability  of  error  of  the  network  by  adjusting  the  APD  gain.  Two  cases  were  compared,  one  where  the  optimum 
error  probability  was  used,  and  another  where  the  error  probability  was  affected  by  the  receiver  noise.  The  main  system 
parameters  are  listed  in  Table  1. 


Parameters 

Values 

Parameters 

Values 

Chip  period,  Tc 

10ns 

Wavelength,  X 

1.55  pm 

Receiver  bandwidth,  B 

100  MHz 

Detector  dark  current,  ID 

1  nA 

Sequence  length,  F 

1000  chips 

APD  material  constant,  y 

i 

Penalty  factor,  L 

10  bits 

Ambient  temperature,  T 

300  K 

Detector  quantum  efficiency,  T| 

0.8 

Receiver  noise  figure,  FN 

2.0 

Optical  input  power 

80  nW 

APD  bias  resistor,  RL 

50  £2 

Table  1:  System  parameters 
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4.1.  Effect  of  Decision  Threshold  Variation 


In  the  OOC/OOK  optical  CDMA  system,  the  value  of  threshold  used  after  the  passive  correlator  to  detect  the  data  bits  has  a 
key  role  in  determining  the  bit  error  probability.  In  the  present  method  of  synchronisation,  this  also  has  an  impact  on  the 
mean  acquisition  time.  The  effect  of  threshold  variation  was  examined  by  simulating  the  system  with  various  thresholds. 
For  the  system  using  the  optical  hard-limiter,  the  maximum  threshold  is  limited  to  the  value  of  the  code  weight,  K,  for 
reasons  described  earlier.  In  the  figures  that  follow,  the  mean  acquisition  time  is  obtained  as  a  function  of  the  synchroniser 
dwell-time.  Increasing  the  number  of  bits  in  the  training  sequence  lengthens  the  dwell-time.  Referring  to  Figure  3(a),  as  the 
threshold  of  the  OOK  system  is  increased  towards  K ,  the  mean  acquisition  time  is  reduced.  This  is  because  the  probability 
of  a  bit  error  is  reduced  which  leads  to  a  reduction  in  the  probability  of  a  false  alarm.  However,  once  the  threshold  has 
exceeded  K ,  the  mean  acquisition  time  increases,  especially  for  largo*  values  of  dwell-time.  When  the  threshold  is  larger 
than  K,  even  a  correctly  correlated  ‘1*  data  bit  can  be  decoded  as  a  ‘O’  data  bit  because  it  does  not  achieve  the  required 
threshold  value.  The  correlated  ‘F  data  bit  can  only  be  regarded  as  a  ‘I’  if  the  multi-access  interference  adds  up  with  the 
wanted  chips  to  the  threshold  value.  The  effect  of  this  is  that  the  probability  of  detection  is  reduced  and  this  leads  to  an 
increased  mean  acquisition  time. 


Figure  3:  Effect  of  Threshold  Variation  for  an  Optical  CDMA  OOK  System  with  K~5  and  N=3>0 
(a)  without  a  hard-limiter  and  (b)  with  a  hard-limiter 

Using  an  optical  hard-limiter,  as  shown  in  Figure  3(b),  the  mean  acquisition  time  is  reduced  compared  to  a  non-hard-limiter 
system  with  the  same  threshold.  This  is  because  the  hard-limiter  has  removed  certain  patterns  of  interference.  This  reduces 
P fa  and  increases  P d.  Also  note  that  an  optimum  dwell  time  exists  where  the  mean  acquisition  time  is  a  minimum.  The 
reason  for  this  is  that  for  short  dwell -times,  P/a  is  high  and  Pd  may  be  low.  For  long  dwell-times  P/a  is  significantly  reduced 
and  Pd  is  improved  but  the  long  dwell-time  is  now  the  dominant  parameter  determining  the  mean  acquisition  time. 


For  the  PPM  system  with  Af=  2,  the  effect  of  the  threshold  is  shown  in  Figure  4  below. 


Figure  4:  Effect  of  Threshold  Variation  for  an  Optical  CDMA  PPM  System  with  A-5  and  V=30 
(a)  without  a  hard-limiter  and  (b)  with  a  hard-limiter 
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Figure  4(a)  shows  the  results  when  the  optical  hard-limiter  is  not  used  and  Figure  4(b)  shows  the  case  when  a  hard-limiter  is 
used.  Comparing  Figures  3  and  4,  it  will  be  seen  that  there  is  a  very  slight  improvement  in  the  mean  acquisition  time  when 
the  PPM  system  is  used,  especially  when  the  threshold  is  equal  to  or  less  than  K . 

4.2.  Effect  of  Number  of  Users 

For  an  OOK  optical  CDMA  system  which  does  not  use  an  optical  hard-limiter,  the  effect  of  the  number  of  users,  N,  is 
shown  in  Figure  5(a).  For  short  dwell-times,  the  impact  of  the  multi-access  interference  is  significant  and  the  mean 
acquisition  time  increases  as  N  is  increased  due  to  an  increase  in  Pfa  and  a  reduction  in  PD.  However,  as  the  dwell-time  is 
lengthened,  the  impact  of  N  decreases  significantly  to  an  extent  where  N  has  little  effect  on  the  mean  acquisition  time.  This 
is  due  to  a  reduction  in  Pfa  and  an  improved  PD  because  the  correlation  with  the  wanted  signal  has  been  improved.  As  for  the 
previous  case,  when  the  dwell-time  is  long,  this  is  the  dominant  term  in  setting  the  mean  acquisition  time. 

When  an  optical  hard-limiter  is  used  before  correlation,  it  reduces  certain  patterns  of  interference.  The  result  of  this  is 
shown  in  Figure  5(b)  where  it  is  seen  that  the  mean  acquisition  time  for  low  values  of  dwell-time  is  reduced  when  compared 
to  the  non-hard-limiter  system  for  the  same  number  of  users.  As  for  the  earlier  figures,  an  optimum  dwell-time  exists 
corresponding  to  minimum  mean  acquisition  time. 


without  a  hard-limiter  and  (b)  with  a  hard-limiter 

The  effects  of  user  number  variation  in  an  optical  CDMA  using  PPM  without  a  hard-limiter  is  shown  in  Figure  6(a).  In 
comparison  with  the  OOK  case,  the  PPM  system  has  a  lower  mean  acquisition  time  and  this  is  more  apparent  for  larger 
numbers  of  users  at  lower  values  of  dwell-time.  This  reduction  in  mean  acquisition  time  is  the  result  of  a  reduced  /%.  One 
reason  for  the  improved  performance  is  that  a  string  of  consecutive  ‘O’  bits  in  the  training  sequence  reduces  the  probability 
of  achieving  synchronisation.  Using  PPM  with  Af=2,  breaks  up  consecutive  ‘0’  bits  and  as  a  result,  the  probability  of 
achieving  synchronisation  is  improved. 


Figure  6:  Effect  of  the  Number  of  Users,  N,  for  an  Optical  CDMA  PPM  System  with  K- 3  and  th- 3 
(a)  without  a  hard-limiter  and  (b)  with  a  hard-limiter 
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Figure  6(b)  shows  the  effects  of  using  an  optical  hard-limiter  with  an  optical  CDMA  PPM  system.  The  use  of  the  hard- 
limiter  results  in  a  further  reduction  in  mean  acquisition  time  for  low  values  of  dwell-time.  However,  when  comparison  is 
made  with  the  OOK  optical  CDMA  system  with  a  hard-limiter,  the  improvement  is  less  significant. 

4.3.  Effect  of  Code  Weight  Variation 

Figure  7  shows  the  effects  of  code  weight  variation  in  an  optical  CDMA  system  with  and  without  a  hard-limiter.  For  an 
OOK  system  with  no  hard-limiter,  shown  in  Figure  7(a),  at  short  dwell-times,  the  mean  acquisition  time  is  increased  as  the 
code  weight  is  increased.  This  is  because  increasing  the  code  weight  increases  the  number  of  chips  in  the  spreading 
sequence,  for  the  same  number  of  users,  and  this  results  in  a  higher  incidence  of  ‘hits’  and  hence  a  higher  Pfa. 

Referring  to  the  graphs  for  a  hard-limiting  system,  shown  in  Figure  7(b),  the  variation  of  mean  acquisition  time  with  code 
weight  is  significantly  reduced.  This  is  because  of  the  hard-limiting  properties  that  reduce  some  patterns  of  interference,  and 
this  reduces  Pfa.  Furthermore,  the  variation  of  mean  acquisition  time  with  dwell-time  is  also  reduced. 


Figure  7:  Effect  of  the  Code  Weight,  K,  for  an  Optical  CDMA  OOK  System  with  N=20 
(a)  without  a  hard-limiter  and  (b)  with  a  hard-limiter 


Figure  8:  Effect  of  the  Code  Weight,  K,  for  an  Optical  CDMA  PPM  System  with  N=20 
(a)  without  a  hard-limiter  and  (b)  with  a  hard-limiter 

The  effect  of  code  weight  variation  on  an  optical  CDMA  PPM  system  is  shown  in  Figure  8.  For  a  system  without  a  hard- 
limiter,  shown  in  Figure  8(a),  the  mean  acquisition  time  is  reduced  when  compared  to  a  non-PPM  system  with  the  same 
code  weight,  because  PPM  spaces  out  consecutive  ‘0’  bits  in  the  training  sequence,  and  this  reduces  the  effect  of  ‘hits’  and 
reduces  P fa.  For  the  case  of  a  hard-limiting  system  in  Figure  8(b),  the  effect  of  the  ‘hits’  at  low  values  of  dwell-time  is 
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reduced  further  because  some  interference  patterns  are  eliminated.  Thus  the  mean  acquisition  time  is  reduced  when 
compared  to  a  non-hard-limiting  system. 

4.4.  Effect  of  Receiver  Noise 

Figure  9  shows  the  effect  of  APD  noise  on  an  OOK  optical  CDMA  system.  When  an  optimum  APD  gain  is  chosen,  i.e.  the 
probability  of  a  bit  error  is  minimised,  the  mean  acquisition  time  is  marginally  larger  than  that  of  its  PPM  counterpart,  when 
no  hard-limiter  is  used,  as  shown  in  Figure  9(a).  With  hard-limiting,  for  both  cases,  the  overall  mean  acquisition  time  is 
reduced,  particularly  at  lower  values  of  dwell-time. 

In  Figure  9(b),  the  effect  of  APD  noise  is  shown  for  a  system  with  a  non-optimum  APD  gain.  There  is  a  marked  increase  in 
the  mean  acquisition  time  when  compared  with  the  curves  in  Figure  9(a),  especially  at  lower  dwell-times.  This  is  because  of 
the  effect  of  the  receiver  noise  on  the  bit  error  rate.  The  use  of  an  optical  hard-limiter  gives  an  overall  reduction  in  the  mean 
acquisition  time,  but  the  reduction  is  not  as  significant  as  in  Figure  9(a). 


Figure  9:  Effect  of  Receiver  Noise  in  an  Optical  CDMA  System  with  K=A  and  N= 20 
(a)  with  optimum  APD  gain  and  (b)  with  non-optimum  APD  gain 


When  the  APD  gain  produces  the  optimum  bit  error  probability,  the  multi-access  interference  dominates  the  APD  noise,  and 
thus  the  results  of  Figure  9(a)  are  similar  to  that  of  a  noiseless  system.  However,  when  the  APD  gain  gives  rise  to  a  non¬ 
optimum  bit  error  probability,  the  APD  noise  dominates  the  multi-access  interference,  and  the  bit  error  probability 
deteriorates.  This  causes  an  increase  in  the  false  alarm  probability,  and  this  leads  to  a  higher  mean  acquisition  time. 


5.  CONCLUSIONS 

The  effects  of  the  key  system  parameters  on  the  performance  of  a  serial  search  synchroniser  for  an  optical  CDMA  system 
have  been  examined.  The  results  show  that:  (i)  the  optimum  mean  acquisition  time  is  obtained  at  an  optimum  threshold  of 
Ky  (ii)  the  mean  acquisition  time  is  increased  when  the  number  of  users,  Ny  and  the  code  weight,  Ky  is  increased,  (iii)  optical 
hard-limiting  reduces  the  probability  of  false  alarm,  Pfa ,  especially  in  systems  with  large  multi-access  interference,  (iv)  the 

use  of  optical  PPM  with  M=  2  reduces  the  probability  of  false  alarms  by  breaking  up  the  occurrences  of  strings  of  data  bit  ‘0’ 
in  the  training  sequence,  and  (v)  operating  at  a  non-optimum  APD  gain  results  in  an  overall  increase  in  mean  acquisition 
time,  but  this  is  eliminated  when  an  optimum  gain  is  chosen. 
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ABSTRACT 

In  this  paper  the  direct  spreading/wavelength  hopping  (DS/WH)  en-/de-coding  scheme  for  optical  code-division  multiple 
access  (OCDMA)  is  proposed.  The  system  structure  is  designed  and  analyzed.  A  new  code  sequence — wavelength  hopping 
extended  quadratic  congruence  for  prime  code  (WH  EQC/prime  code) — is  adopted.  It  is  shown  that  the  code  capability  can 
be  increased  by  increasing  the  number  of  discrete  wavelengths  or  by  employing  asymmetric  systems  with  different  prime 
numbers  for  spreading  and  hopping  ( ps  and  ph ).  The  synchronous  signal  is  designed  and  analyzed.  It  is  very  easy  for 

user  to  decode  synchronously.  The  performance  of  the  system  is  investigated  and  it  is  shown  that  the  en-/de-coding  scheme 
and  system  structure  are  feasible. 

Keywords:  Optical  CDMA,  DS/WH,  En-/De-coding,  WH  EQC/Prime  Code,  Multi-rate  Data  Stream,  Synchronous 
Decoding 


1.  INTRODUCTION 

In  the  optical  fiber  communication,  the  optical  multiple  access  techniques  include  the  optical  time-division  multiple  access 
(OTDMA),  the  optical  wavelength-/frequency-division  multiple  access  (OW/FDMA)  and  the  OCDMA.  The  OTDMA  and 
the  OW/FDMA  have  been  researched  for  years  and  are  applied  in  the  optical  fiber  communication  now.  In  comparison  to 
OTDMA  and  OW/FDMA,  The  OCDMA  have  some  advantages,  such  as  delay  free,  highly  security,  working 
asynchronously  or  synchronously,  allowing  a  simple  protocol.  So  the  OCDMA  attracts  much  more  attention1’11  and  has  been 
made  some  progress.  R.A.Griffin  et  al  researched  coherence  coding  of  optical  pulse  for  CDMA5.  P.R.Prucnal  et  al  used 
optical  processing  in  spread  spectrum  of  fiber-optic  local  area  network6.  S.Betti  et  al  studied  OCDMA  techniques  based  on 
polarization  modulated  coherent  system7.  L.Tancevski  et  al  discussed  the  time  spreading  code  in  optical  network8. 
J.ASalehi  et  al  proposed  the  holographic  CDMA  and  so  on.  These  researches  form  various  en-/de-coding  scheme  called 
respectively  as  spread  time,  spread  spectrum,  correlation  encoding  and  polarization  modulating  of  coherent  light  etc.  But  in 
these  researches  the  code  structure  and  en-/de-coding  scheme  are  not  considered  in  detail.  The  code  structure  affects  codes’ 
correlation  property  and  en-/de-coding  techniques.  The  various  en-/de-coding  schemes  affect  performance  of  system  while 
using  the  same  code.  For  example,  the  parallel  configuration  as  shown  in  Fig.l  used  for  encoding/correlating  prime  codes  is 
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so  bulky  and  loss  that  such  a  system  is  not  realizable  when 
the  code  length  is  very  large. 

Considering  performance  and  number  of  active  user  in  the 
OCDMA  system,  we  take  advantage  of  the  resource  of 
wavelength  and  bandwidth  for  en-/de-coding.  The  code 
sequence  of  each  user  is  a  unique  wavelength-combination. 

The  code  sequences  of  users  are  different  not  only  in 
wavelength  domain  but  also  in  time  domain.  And  some  Fig-1:  Parallel  configuration  of  an  all-optical  encoder  for  OCDMA 

narrow-band  fibers  are  used  for  decoding  at  receiver.  Thus  we  study  the  new  mechanism  of  en-/decoding  —  DS/WH  and 
design  a  system  structure.  We  adopt  a  combination  code  with  wavelength  hopping  and  extended  quadratic  congruence  for 
prime  code  (EQC/prime  code),  i.e.  it  is  composed  of  different  wavelengths  in  different  chips  of  EQC/prime  code. 

The  WH  EQC/prime  code  has  great  code  capability.  Thus  the  system  can  operate  at  a  speed  much  lower  than  other 
spreading  time  system  when  their  code  length  is  same.  It  remains  transparent  to  any  input  modulation  format  and  to  any  rate 
of  data  stream.  And  it  doesn’t  need  the  light  source  generating  ultra-short  light  pulse.  Usually  every  user  has  a  code 
sequence,  there  is  only  a  fixed  transmitting  speed  in  the  system.  According  to  requirements  we  can  let  user  possess  a  few 
code  sequences  and  en-/de-coding  devices  then  the  user  can  transfer  by  a  few  times  of  basic  speed  of  data  stream. 

The  developed  electrical  technologies  and  high-speed  optic-electronic  devices,  computer  techniques  are  also  adopted  in  the 
OCDMA  system.  The  principle,  system  structure  and  performance  analysis  of  the  new  scheme  are  described  in  detail  as 
follows. 

2.  OPTICAL  WH  EQC/PRIME  CODE 

Usually  the  user’s  signature  sequence  in  spreading  time  is  composed  of  code  unit  “0”  or  “1”  which  appears  at  different  time 
slot  and  all  code  elements  use  a  single  wavelength.  The  code  length  for  a  large  number  of  the  user  in  the  optical  fiber 

communication  system  is  very  large.  So  the  width  Ts  of  each  slot  is  very  narrow,  even  closed  to  pulse  width  in  the 

OTDMA  system.  This  requires  the  light  source  generating  ultra-short  pulse.  When  a  common  light  source  is  used  in  a 
system,  the  number  of  user  is  very  few.  So  this  kind  of  system  is  lack  of  utility. 

Now  the  user’s  code  sequence  designed  in  our  system  is  a  combination  code  with  multiple  wavelengths  and  EQC/prime 
codes  and  we  call  it  as  WH  EQC/prime  code.  The  code  is  composed  of  different  wavelength  at  different  chip  of  EQC/prime 
code.  For  a  given  prime  number  p,  EQC/ prime  code  comprises  p  blocks  of  length  (2  pA)  chips  which  are 

concatenated  together  to  form  the  code  sequence  of  length  p(2p-\)  chips  and  each  block  has  only  one  pulse  and  (2  p  -2) 
zeros.  The  position  of  the  pulse  within  every  block  is  determined  by  the  extended  quadratic  congruence  placement  operator : 

atJ  /=1,2,3,..„  p.\;  >=0,1,2,...,  p-\  (1) 

where  []  represents  operation  modulo  p  .  The  total  number  of  the  code,  which  combine  the  EQC/prime  code  with  multiple 
wavelengths,  is  therefore  p(p  - 1)2  when  p  is  both  the  prime  number  used  in  the  EQC/prime  code  generation  and  the 
number  of  wavelengths  in  symmetric  system.  In  asymmetric  system,  different  prime  numbers  ps  and  ph  respectively 
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denote  algorithm  for  the  prime  code  and  the  number  of  wavelength  hopping,  then  the  total  number  of  codes  in  the  family  is 
Ph(Ph~*)(Ps~*y  The  EQCiprime  code  has  very  good  auto-/cross-correlation  properties2.  When  we  use  prime 

number  ph  wavelengths  whether  in  symmetric  or  asymmetric  system  or  not,  the  number  of  code  and  the  security  of  the 

codes  are  substantially  increased.  Comparing  the  various  codes  with  multiple  wavelengths,  the  number  of  code  (N)  and  their 
properties  including  auto-correlation  sidelobe  (A)  and  cross-correlation  peak  (C)  are  shown  in  Table  1 
For  given  the  number  of  user,  the 
code  length  of  WH  ££>C/prime 
code  is  very  short.  So  the  width 
requirement  for  Ts  can  be 

reduced  greatly.  It  is  obvious 
that  the  WH  £0C/prime  code 
can  en-/de-code  at  lower  speed. 

It  can  get  more  spreading  gain 
because  of  multiple 
wavelengths. 

3.  PRINCIPLE  AND  STRUCTURE  OF  SYSTEM 

We  choose  that  an  OCDMA  system  is  a  passive  star-network.  Its  each  user  connects  the  center  passive  star  (N  *  N)  coupler 
with  two  optical  fibers  as  shown  in  Fig.2.  Correspondingly  there  are  the  N  transmitters  and  the  N  receivers  which  perform 
en-/decoding  respectively.  The  signal  power  of  every  user  is  distributed  equally  to  every  receiver.  The  transmitter  and 
receiver  both  include  code  generator  and  synchronous 
signal  module.  In  addition  to  these,  the  transmitter 
has  a  data  processing  module  and  the  receiver  has 
some  avalanche  photodiodes  (APD)  and  a  logic 
circuit  for  decoding.  There  is  the  problem  of 
synchronous  acquisition  and  tracking  of  user 
sequence  and  it  is  prerequisite  to  correctly  realizing 
en-/de-coding.  So  first  we  resolve  the  problem  of  the 
synchronous  decoding  by  user’s  synchronous  signal, 
then  design  the  structures  of  transmitter  and  receiver.  Fig.2:  the  Diagram  of  system  structure 

3.1  The  user’s  Synchronous  Signal 

It  is  worthwhile  resolving  both  the  initial  synchronization  of  code  sequence  and  the  lock-in  synchronism  of  decoding  at 
receiver.  In  the  research  of  electric  CDMA,  the  methods  of  resolving  the  problems  are  various  such  as  the  acquiring  of 
phase  following,  the  synchronous  acquiring  by  delaying,  the  locked  loop  by  baseband  correlating  and  single  correlator  etc. 


Table  1:  Comparison  Between  Various  codes:  here  A:  MAXIMUM  AUTOCORRELATION 
SIDELOBES;  C:  MAXIMUM  CROSS  CORRELATION  PEAK;  N:  CODE  CARDINALITY 
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But  they  can’t  be  transplanted  to  OCDMA  because  of  the  absence  of  optical  devices  of  similar  function.  In  some  researches 
of  OCDMA4-6,  The  synchronization  problem  of  incoming  signal  and  the  local  code  isn’t  considered  or  is  assumed  to  be 
synchronous  decoding.  So  the  optical  synchronization  of  user’s  signal  isn’t  also  resolved  well. 

We  research  a  new  method  of  synchronous  decoding  by  the  optical  coherence  in  optical  CDMA  system.  If  a  length  of 
optical  fiber  introduces  at  an  arm  of  a  Mach-Zehnder  interferometer  as  shown  in  Fig.3(a),  it  will  make  the  transmitted  signal 
at  the  arm  produce  a  time-delay  T  which  destroys  the  coherence.  When  a  pulse  signal  e(t)  is  inputted,  the  output  signals 

£,  (t)  or  e2  (0  is  a  signal  having  two  pulses  between  which  the  time  interval  is  T ,  i.e. 


£{t)  =  A{t)eiat 

£j(<)= i[4<ya 


where  0  denotes  convolution.  We  take  £l  (t)  as  a  synchronous  signal  which  is  transmitted  together  with  encoded  user 
signal.  A  matched  Mach-Zehnder  interferometer  which  has  the  same  time- 

delay  (  Tr~  Tt  =  T  ,  Xr  and  Tt  denote  time-delay  at  the  transmitter  and  the  Soutput 

receiver  respectively)  is  used  in  the  receiver  When  it  receives  the  MO  ^  »(0 

transmitted  signal  (t),  at  the  output  end  the  two  pulses  respectively  (a) 

from  its  two  arms  superpose  and  create  an  interferential  signal  at  the  time 

as  shown  in  Fig. 3  (b).  The  interferential  signal  is  the  maximum  value  (b)  rrTrf 

arm2  - It,  ,  ti _ 

and  taken  as  a  synchronous  signal.  Here  a  balanced  detector  is  also  needed  1 0 

Fig. 3:  (a):  the  Mach-Zehnder  interferometer 
to  extract  the  synchronous  signal.  The  electric  current  i(t)  from  the  detectoi  having  unequal  arms;  (b):  the  superposed 

ouput  signal  at  the  receiver 

i(t)  =  i1(t)-i2(t)  s  RI0  Re|/(r)®  h{r)]  (5) 

where  I0  =  T(0) ,  y(z)  =  ^  ,  T(r)  =  lim—  pr  +  v)dt  The  current  signal  can  drive  and  decide  the 

local  code  generator  at  the  receiver  when  to  start  to  work 


By  above  principle,  we  design  a  synchronous  signal  module  whose  structure  is  as  shown  as  Fig.3(a).  It  is  independent  of 
data  channel  at  the  transmitter  and  the  receiver.  The  different  users  take  the  respective  time-delay  at  the  transmitter  so  that 
the  coherent  detection  at  the  receiver  may  distinguish  the  synchronous  signal  of  the  different  users.  At  the  transmitter,  the 
operation  of  synchronous  signal  module  is  controlled  by  user’s  data  processing  module  and  its  output  signal  is  coupled  to 
coupler  1  as  shown  in  Fig.4.  At  the  receiver  the  synchronous  signal  module  drives  and  judges  the  local  code  generator  when 
to  start  to  work.  Thus  the  synchronous  decoding  at  the  receiver  is  implemented. 


3.2  Transmitter 
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In  order  to  realize  the  DS/WH  encoding,  the  encoder  designed  by  us  includes  the  laser  array,  code  generator,  data  processing 
module,  optical  couplers  and  synchronous  signal  module  as  shown  as  Fig.4.  Where  the  synchronous  signal  module  includes 
an  E/O  converter  placed  in  the  front  of  it.  The  laser  array  composed  of  many  single  wavelength  lasers  can  provide  multiple 
hopping  wavelengths.  The  code  generator  is  composed  of  an  electrical  shift  register  that  produces  a  circulating  code  as  a 
user’s  signature  sequence.  The  data  processing  module  packs  user’s  data  into  frames.  Each  frame  data  has  user  data  of 
constant  bytes  similar  to  cell  of  ATM.  The  data  processing  module  adds  an  electrical  synchronous  signal  at  the  front  of  each 
frame  data  and  the  error  correction  code  (ECC)  behind  of  each  frame  data.  The  transmitter  is  transparent  to  any  data  stream. 
The  user’s  data  and  its  ECC  both  are  encoded  by  the  local  code  generator.  The  encoded  signal  with  code  sequence  drives 
and  controls  when  and  which  laser  to  emit.  The  optical 

signals  emitted  from  these  lasers  are  coupled  to  coupler  Synchronous  signal  module 

1.  An  electrical  synchronous  signal  from  data  E^1 _ 

processing  module  drives  the  synchronous  signal  _  r— — -J - : —  - -  - x - 

Palf*  Data  Processing  local  code  mnpler?  Output 

module  output  an  optical  synchronous  signal  before  module  generator  - j - »  * 

transmitting  each  frame  data.  The  synchronous  signal  _ w 

and  encoded  signal  from  coupler  1  are  again  coupled  at  Laser  array  -] 

the  coupler  2.  It  will  be  transmitted  and  broadcasted  to  Fig  4:  *e  stlucture  ^  a  transmitter 

all  the  receivers  by  the  passive  star  (NXN)  coupler  in  the  OCDMA  system. 

We  let  some  users  share  a  set  of  laser  array  to  reduce  number  of  lasers  in  whole  network.  The  code  sequence  of  every  user  is 
divided  into  ph  code  sequences  in  which  every  one  has  only  a  single  wavelength  as  shown  as  Fig.5.  In  the  code  generator 
of  every  user,  these  sequences  of  single 


wavelength  are  generated  and  registered  into  ph 


'Ll 


code 

Sequence 


register  units.  These  code  sequences  of  single  _ .  _ 

wavelength  drive  corresponding  wavelength  laser  - 1 _ Li _ 1 _ ^  % 

emit  light  in  the  different  time-slot.  The  process  is  |~~ |  |~|  fj 

called  as  DSAVH  encoding.  Because  all  users  have  - — ^  ^ 2 

the  same  clock  frequency,  the  encoding  speed  is  linn  n 

- »- 

fixed  and  called  as  a  basic  speed.  Usually  a  user  r  Tb - - - 

only  has  a  code  sequence  and  only  transmit  at  Fig.5:  the  divided  code  sequences  of  single  wavelength 

basic  speed. 

We  can  also  let  some  users  transmit  data  at  multi-times  basic  speed.  For  a  user,  data  processing  module  firstly  divides  user’s 
data  into  some  parallel  frames  and  adds  a  synchronous  signal  at  the  front  of  these  parallel  frames.  The  data  frames  are 
loaded  into  their  register  units  and  every  register  unit  uses  a  code  sequence.  If  a  user  has  j  code  sequences  then  the  user 
encodes  withy  code  sequences.  The  encoding  speed  of  its  data  stream  is  j  times  of  basic  speed.  This  forms  multi-rates  signal 
stream  in  the  OCDMA  system 


3.3  Receiver 
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The  receiver  is  mainly  composed  of  the  filter-switch  array,  local  code  generator,  synchronous  signal  module,  APD  and  logic 
circuit  as  shown  as  Fig.6.  Firstly  the  received  signal  is  divided  into  the  ( ph  +1)  paths.  A  signal  from  a  path  comes  into  the 

synchronous  signal  module  and  signals  from  other  paths  connect  into  filter-switch  array.  The  synchronous  signal  module 
outputs  a  detectable  current  signal  by  balanced  detection  when  the  incoming  signal  matches  synchronous  signal  from  the 
module.  And  the  current  signal  drives  the  local  code  generator  to  start 
to  work.  The  local  code  generator  generates  circling  code  which 
decides  when  and  which  filter-switch  to  work.  Behind  every  filter- 
switch,  the  APD  detects  the  filtered  optical  signal  and  converts  into 
electrical  signal.  The  electrical  signal  has  the  highest  intensity  when 
the  incoming  encoded  signal  matches  the  local  code  sequence.  The 
electrical  signal  level  is  closed  to  zero  when  incoming  encoded  signal 
mismatches  the  local  code  sequence.  Accumulating  all  electrical  signal 
from  all  wavelengths  optical  pulse,  the  logic  circuit  judges  then  Fig.6:  the  structure  of  a  receiver 

recovers  user’s  initial  data.  The  process  is  called  as  synchronous  decoding. 

Considered  the  probability  of  clock  pulse  excursion,  the  synchronous  signal  module  always  tracks  incoming  synchronous 
signal  and  compel  local  code  sequence  and  incoming  encoded  signal  to  synchronize.  The  synchronous  signal  placed  at  front 
of  each  data  frame  adjusts  the  local  code  generator  once  a  data  frame. 

For  multi-rate  receiving,  a  receiver  has  many  local  code  generators,  APDs  and  logic  circuits  whose  number  is  decided  by 
the  transmitter.  Many  local  code  generators  work  simultaneously  and  are  driven  by  same  synchronous  signal  module 
because  all  parallel  data  frames  share  a  synchronous  signal  at  the  transmitter.  Then  the  decoded  data  are  processed  by  a 
protocol  that  the  transmitter  and  receiver  both  observe. 

The  above  transmitter  and  receiver  are  used  in  the  system  shown  in  Fig.2.  We  can  simultaneously  en-/de-code  for  N  users. 

4.  PERFORMANCE  ANALYSIS 

In  order  to  illustrate  the  performances  of  the  new  system  designed,  we  discuss  some  main  parameters  of  system  as  follows. 


4.1  The  Spreading  Spectrum  Gain  G 

In  general  the  anti-interference  efficiency  of  an  OCDMA  system  is  explained  by  the  spreading-spectrum  gain  G  .  For  a  DS 

D  / 

system,  it  is  defined  by  GD  =  yn  ,  where  Bx  and  B2  respectively  denote  the  bandwidth  of  a  user  signal  before  and 

/  "i 

after  direct  spreading.  And  the  other  interference  introducing  to  B2  is  eliminated  in  decoding.  In  the  new  system  the  WH 
effect  is  also  considered.  So  here  G  is  defined  by 

G  =  GD  *Gh  =Gd  •ph  =ps(2ps  -1 )ph  (6) 

where  GH  is  the  gain  of  wavelength  hopping  and  decided  by  ph  .  It  is  obvious  that  the  DS/WH  system  designed  by  us  is 
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greatly  increased  anti-interference  efficiency  due  to  G  >  GD  It  is  at  the  cost  of  wavelength  resource  in  the  system. 

4.2  The  S*gnaI-to-Noise  Ratio  (SNR) 

At  the  receiver,  a  signal  through  synchronous  decoding  is  represented  by 

D(t)  =  fdeidi(t)+n(t)  (7) 

i= 1 

where  e,  is  the  power  of  a  required  ith  wavelength  signal,  dj  (t )  is  the  code  of  ith  wavelength  separated  by  WH 
EQC/prime  code,  the  noise  term  which  is  composed  of  the  white  noise  n0  (t)  and  the  interference  noise  «,(/) 

from  the  other  codes  of  active  users.  We  assume  different  wavelength  signals  have  same  power  e  and  dt(t)  (i=l,2,..  ph ) 
have  same  number  of  light  pulse  in  the  symmetric  system.  Neglecting  n0(t),  we  can  deduce  the  SNR  of  ste  symmetric 
system  is  as  fellows: 

SNR  =  (8) 

a— 

Gs 

where  the  coefficient  OL  is  the  ratio  of  the  noise  power  entering  into  the  required  signal  to  the  total  noise  power  eN. 

In  comparison  to  DS  OCDMA  system,  the  SNR  is  increased  due  to  CC  is  the  coefficient  less  than  1 . 

4.3  The  Rate  of  Error  Code  (REC) 

At  the  receiver,  if  the  code  chips  k  in  a  required  signal  is  overlapped  by  ones  in  other  user  signals,  the  error  bits  occur. 
This  case  is  a  stochastic  process.  So  the  rate  of  error  code  is  represented  by  its  probability  density  p(k) ,  i.e. 


Where  N  is  the  number  of  user  in  the  system.  A,  B  is  the  code  length  and  the  code  weigh  of  user  signature  sequence 
respectively.  Thus  the  rate  of  error  code  of  single  wavelength  is  written  by 


REC ,  -  Y.  M k<^> + k(^) 

*  L2  °n  2 


Where  I0,  Ix  is  the  average  power  of  the  received  bit  data  “0”  and  “1”  respectively,  Z  is  the  threshold  of  decoding,  <Jn 

1  oo  -y2  / 

is  the  root  mean  square  of  noise.  Q(x)  -  erfc  ( x )  = _ = _ f°°  e  ™  dy  • 

yflTT  x 

For  the  designed  system  with  ph  hopping  wavelengths,  we  introduce  a  coefficient  /?  =  when  M  wavelengths 

/  Ph 

are  interfered.  So  the  rate  of  error  code  in  the  system  is  increased  by  /?  times.  Through  derivation  it  is  approximately  equal 


REC  =  P  •  REC 


-• REC 


From  the  equation  (12),  we  see  that  the  wavelength  hopping  system  improved  the  REC  because  of  M I  ph  <  1 . 
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5  CONCLUSION 

The  direct  spreading/wavelength  hopping  en-/de-coding  scheme  for  OCDMA  system  is  designed  and  analyzed.  A  new  code 
is  composed  of  different  wavelength  in  the  different  chips  of  EQC/prime  code,  i.e.  user  signature  sequence  is  the  function  of 
both  time  and  wavelength,  so  the  security  of  system  is  increased  greatly.  In  the  en-/de-coding  scheme,  the  optical 
synchronous  signal  of  user’s  data  is  designed  and  detected  by  balance  detection  thus  user  can  track  synchronous  signal 
easily  and  decode  synchronously.  The  system  has  a  good  REC  because  of  good  auto-/cross-correlation  properties  of  WH 
EQC/prime  codes.  This  scheme  is  transparent  to  any  rate  of  data  stream  by  data  processing  module.  In  the  system  all  users 
can  access  random,  so  the  network  management  is  simplified.  And  it  is  obvious  that  the  number  of  code,  REC  and  SNR  are 
improved  greatly.  The  result  of  research  and  design  is  shown  that  the  new  en-/de-coding  scheme  and  the  system  structure 
are  feasible. 
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ABSTRACT 

All-optical  time-domain  demultiplexers  are  expected  to  play  a  major  role  in  future  ultrafast  all-optical  time  division 
multiplexing  (OTDM)  systems  to  overcome  the  electronic  bottleneck.  Ultrafast  nonlinear  interferometer  (UNI)  is  a  good 
candidate  for  all-optical  time-division  demultiplexing.  The  switching  efficiency  of  UNI  is  investigated  numerically.  We 
construct  an  analysis  model  of  the  UNI.  In  our  analysis,  the  effects  of  control  pulse  parameters  such  as  pulsewidth,  power  and 
jitter  on  the  switching  efficiency  of  UNI  are  considered.  The  required  peak  power  of  the  control  pulse  to  obtain  maximum 
switching  efficiency  is  found  to  decrease  in  as  the  width  of  the  control  pulse  is  increased.  Jitter  of  control  pulse  reduces  the 
switching  efficiency.  It  is  also  noticed  that  the  length  of  birefringent  fiber  is  no  contribution  to  the  switching  efficiency. 
However  more  than  90%  switching  efficiency  could  be  reached  when  the  control  pulsewidth  varied  40%,  when  pulse  power 
is  in  40%  or  when  the  jitter  is  about  3%. 


Keywords:  Optical  time  division  multiplexing  (OTDM),  semiconductor  laser  amplifier  (SLA),  demultiplexer,  ultrafast 
nonlinear  interferometer  (UNI),  switching 


1.  INTRODUCTION 

With  the  prospect  of  a  multimedia  society  being  established  in  the  near  future,  it  has  become  increasingly  important  to 
develop  high-speed,  long-distance  optical  communication  systems.  Although  significant  effects  have  been  focused  on  the 
development  of  wavelength  division  multiplexing  (WDM)  solutions,  impressive  progress  has  also  been  made  in  the  high¬ 
speed  time  division  multiplexing  (TDM)  technology  in  spite  of  the  apparent  absence  of  suitable  high-speed  electronic 
components. 

All-optical  time-domain  demultiplexers  are  expected  to  play  a  major  role  in  future  ultrafast  all-optical  time  division 
mutiplexing  (OTDM)  systems  to  overcome  the  electronic  bottleneck.  Nonlinear  optical  loop  mirror  (NOLM)  and 
semiconductor  light  amplifier  loop  mirror  (SLALOM)  as  all-optical  demutiplexer  were  researched  extensively  in  the  near 
decade.  NOLM  require  long  fiber  lengths  to  get  adequate  phase  shifts  for  switching  because  of  using  optical  fiber  as  the 
nonlinear  media.  As  a  result,  these  devices  have  high  latency  and  no  potential  for  integration.  In  SLALOM,  the  nonlinearity 
is  perturbed  on  time  scale  equal  to  the  inverse  frame  rate  and  not  at  the  bit  period  of  the  aggregate  stream. 

Fig.  1  shows  a  diagram  of  UNI. 


PC-Polarization  Controller  BRF-Birefrigent  Fiber 
SLA-Semi conductor  Laser  Amplifier  P-Polarizer 


Figure  1  Schematic  of  UNI 


*  Email:  xzchen@mail.cic.tsinghua.edu.cn:  Telephone:  86  10  6277  2379;  Fax:  86  10  6277  0317 


Part  of  the  SPIE  Conference  on  Photonics  Technology  into  the  21st  Century: 
Semiconductors,  Microstructures,  and  Nanostructures  »  Singapore  •  December  1999 
SPIE  Vol.  3899  •  0277-786X/99/$1 0.00 


The  polarization  state  of  data  signals  is  set  at  45°  to  the  main  axes  of  birefringence  fiber  by  a  polarizer,  thus  the  input  data 
pulses  are  split  into  two  orthogonally  polarized  pulses  separated  by  60ps  propagating  through  25m  BRF.  Both  the  separated 
signal  pulses  in  BRF  are  referred  to  as  leading  pulse  and  trailing  pulse.  The  signal  and  co-propagating  control  pulses  are 
injected  into  a  SLA  via  a  wavelength  division  multiplexer  (WDM).  The  control  pulse  induces  refractive  index  and  gain 
nonlinearities  in  the  SLA.  Because  the  control  pulse  and  the  trailing  signal  pulse  are  temporally  overlapped,  it  imparts  a 
differential  phase  and  amplitude  modulation  to  the  two  signal  components  due  to  sub-picosecond  components  of  the 
refractive  index  and  gain  nonlinearities.  The  trailing  pulse  gets  it  phase  difference  with  the  leading  pulse.  After  the  SLA  the 
two  signal  components  are  re-timed  to  overlap  in  second  BRF,  which  axis  is  orthogonally  to  the  first  section  of  BRF,  and  are 
interfered  in  a  polarizer  at  45°  with  respect  to  the  orthogonal  signal  polarization.  A  tunable  optical  filter  following  the 
polarizer  is  used  to  cancel  the  control  pulses. 


2.BASIC  EQUATIONS 

The  equation  describing  the  response  of  a  semiconductor  laser  amplifier  can  be  written  as 

8G(N)  Sq~G(N)  G(N)p{_  t) 

Tc  E sat 

=  G(N)P(z,T)-a.mtP(z,T) 


ST 
dPjzJ) 


dz 

d<p(z,T)  =  aG(N) 
dz  2 


.  (1) 
where  go  =FaN0(I/I0-l)  is  the  small  signal  gain,  N  is  the  carrier  density;  N0  is  the  transparency  carrier  density,  a  is  the  gain 
coefficient,  T  is  the  confinement  factor,  P(z,T)  and  <p(z,T)  are  the  power  and  phase,  tc  is  the  spontaneous  carrier  lifetime, 
I0=qVN,/Tc  is  the  injected  current  required  for  transparency,  Esat  is  the  saturation  energy,  q  is  the  electron  charge,  V  is  the 
active  volume,  G(N)  is  defined  by 

G(N)=ra(N-N0),  (2) 

To  obtain  the  equation  (2),  it  has  been  assumed  that  amplified  spontaneous  emission  and  internal  loss  can  be  neglected. 

Assuming  amplification  function  given  as 

h(zJ)=[g(ziJ)dzi 

> 

We  can  get  the  output  power  and  phase, 

Pm,(z,T)  =  P,r(z,T)ehuJ> 


(3) 


(4) 


Equation  (5)  can  be  solved  using  the  approach 
The  transfer  function  of  UNI  can  be  described  by 


‘Pam  (z>  T)  =  <pin  (z,  T)~~  cxh{z ,  T) 


m = g,  (Og,  (o  cos2  [— — ■  — (?)  i + ^[g,  (o  -  &  (of  ’ 

2  4 


(5) 


where  g(t)  is  the  gain  of  SLA  and  (p(t)  is  phase  shift  due  to  SLA.  The  subscript  /  and  t  denote  the  leading  and  trailing  pulse, 
respectively.  g(t)  and  cp(t)  are  constant  if  there  is  no  time  dependent  external  influences  such  as  a  control  optical  signal. 

The  dynamic  gain  and  phase  of  SLA  and  the  characteristics  of  UNI  can  be  got  by  solving  the  above  equations 
numerically. 


3.RESULTS  AND  DISCUSSION 


As  a  numerical  example  of  the  UNI,  we  considered  the  SLA  with  following  parameters,  which  are  listed  in  Table  1 . 


316 


Table  1.  Parameters  of  SLA  used  in  calculations 


Symbol 

Value 

L 

300pm 

400ps 

T 

0.3 

N„ 

1.5x1  O'24 

a 

6 

a 

lxlO-20 

go 

3.3xl04 

X 

1.5pm 

vs 

8.5xl07m/s 

We  assume  the  Gaussian  intensity  envelope  for  the  input  signal  pulse  and  control  pulse. 

/, )  =  /,  •  exp(-4  In  2  •  (t  /  At  J2 )  ($) 

/c(0  =  /c  •  exp(-41n2  •  (t  / A?c)2) 

where  I  and  At  are  the  peak  power  and  the  full  width  at  half  maximum  ,  respectively.  The  subscript  s  and  c  represents  signal 
and  control  pulse,  respectively. 

The  switching  efficiency  is  defined  as  the  ratio  of  demultiplexing  output  power  to  the  amplified  signal  power  without 
control  pulse  in  UNI. 

Fig.  2  shows  the  switching  efficiency  as  a  function  of  the  control  pulsewidth.  With  the  normalized  control  pulse 
increased,  the  switching  efficiency  firstly  increased,  and  the  maximum  of  switching  efficiency  is  up  to  0.42.  However,  the 
switching  efficiency  will  be  decreased  while  control  pulsewidth  increased  continually.  We  can  obtain  that  more  than  90% 
switching  efficiency  could  be  reached  when  the  control  pulsewidth  varied  40%. 


Figure  2.  Switching  efficiency  vs.  the  control  pulsewidth  Figure  3.  Switching  efficiency  against  control  energy 

Fig.  3  gives  the  variation  of  switching  efficiency  for  different  control  pulse  energy.  It  shows  that  the  switching  efficiency 
increased  with  the  normalized  control  pulse  energy  in  the  lower  energy,  and  it  reduced  in  the  large  energy.  It  also  can  achieve 
the  90%  switching  efficiency  when  control  pulse  energy  changed  40%. 
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With  the  length  of  birefringent  fiber  changed,  the  switch  efficiency  has  no  obvious  change.  It  results  a  wider  switching 
window.  Too  wide  the  switching  window  will  cause  the  crosstalk  and  power  penalty,  thus  we  should  restrict  the  length  to 
keep  the  polarization  walkoff  in  the  range  of  2/3  base  bit  width. 

The  switching  efficiency  decreased  with  the  increase  of  jitter  between  control  pulse  and  signal  pulse.  Fig.  4  shows  this 
relationship.  We  can  conclude  that  the  switching  efficiency  will  be  changed  in  90%  while  jitter  variation  is  limited  by  3%. 


Ratio  of  jitter  to  signal  pulsewidth(%) 


Figure  4.  Switching  efficiency  vs.  the  jitter 

Classic  communication  theory  gives  that  bit  error  ratio  of  10"9  is  corresponding  with  the  jitter  less  than  8.4%.  In  this 
circumstance,  the  switching  efficiency  will  be  about  80%. 

4.  CONCLUSIONS 

The  switching  efficiency  of  UNI  has  been  presented.  The  UNI  mathematical  model  is  established  and  the  results  show  that 
more  than  90%  switching  efficiency  could  be  reached  when  the  control  pulsewidth  varied  40%,  when  pulse  power  is  in  40% 
or  when  the  jitter  is  about  3%.  It  is  obvious  concluded  that  the  jitter  is  a  key  factor  which  will  affect  the  switching  efficiency. 
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ABSTRACT 

In  this  paper  the  new  progress  in  the  researching  fields  of  optical  switch  were  reviewed.  A  compute  model  for  calculating 
the  switch  speed,  extinction  ratio,  noise  figure,  dynamic  range  as  well  as  the  switch  gain  was  presented.  The  switch  time, 
contrast  ratio  of  SOA  gate  are  calculated  and  evaluated.  The  methods  to  suppress  the  ASE  noise  are  discussed.  A  novel  and 
special  method  to  extract  optical  route  signal  is  presented.  The  results  of  the  theoretical  analysis  showed  that  the  optical  gain 
of  the  SOA  should  be  setup  in  optimum  so  as  to  obtain  the  best  performances  of  the  switch.  An  optical  switch  matrix  using 
the  polarization-insensitive  strained  quantum  well  SOAs  and  the  optical  couplers  was  fabricated  and  a  novel  and  simplified 
method  for  extracting  the  logical  control  signal  of  the  optical  switch  was  specially  designed,  in  which  the  optoelectronic 
integrated  circuit  (OEIC)  techniques  could  be  used  to  fabricate  a  compact,  effect,  high  speed  and  low-cost  optical  switch 
matrix.  It  is  shown  that  with  the  rapid  improvement  of  OEIC  techniques,  the  larger  scale  switch  matrix  based  on  SOA  gate 
would  be  able  to  get  into  practice  in  the  near  future. 

Keywords:  SOA  gate,  switch  time,  contrast  ratio,  ASE  noise,  route  signal,  switch  matrix 


1.  INTRODUCTION 

Recently  there  has  been  growing  demand  in  developing  all-optical  network  (AON)  to  support  the  broadband  integrated 
service  digital  network  (B-ISDN).  In  21st  century,  signal  will  not  only  be  transmitted  by  fiber,  but  also  be  processed 
optically.  Optical  switch  and  interconnect  techniques  may  be  the  key  to  constitute  a  real  all-optical  network.  Various  optical 
switch  devices,  such  as  optical  switch  based  on  semiconductor  optical  amplifiers  (SOAs)  gate,  directional  coupler  switch, 
Mach-Zehnder  interferometer  switch,  X  or  Y  digital  switch  and  free-space  optical  switch,  are  studied  and  improved  rapidly 
over  these  years1-4.  Because  of  its  special  advantages5,  optical  switch  based  on  SOA  gate  attracts  considerable  interest  in  the 
researching  fields  of  optical  switch.  The  superior  performances  of  SOA  gate  switch  include: 

•  high  on/off  speed 

•  high  extinction  ratio 

•  easy  to  be  integrated  with  other  semiconductor  devices 

•  zero  loss  or  gain 
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•  polarization-independent 


These  performances  are  important  in  practice  optical  communication  system.  In  this  paper,  switch  gain,  switch  time, 
contrast  ratio  of  SOA  gate  are  analyzed.  For  switch  array  based  on  SOA  gate  in  which  a  large  number  of  SOA  are  cascaded, 
the  accumulated  ASE  noise  may  deteriorate  greatly  the  performances  of  the  optical  switch.  How  to  suppress  the  ASE  noise 
is  also  discussed.  In  addition,  a  novel  and  simplified  method  for  extracting  the  logic  control  signal  of  the  optical  switch  is 
presented  in  which  the  optoelectronic  integrated  circuit  (OEIC)  techniques  could  be  used  to  fabricated  a  compact,  effect, 
high  speed  and  low-cost  optical  switch  matrix. 


2.  PERFORMANCE  ANALYSIS  OF  SOA  GATE 
2.1.Switch  time  and  extinction  ratio 

The  analysis  on  the  SOA  gate  starts  with  the  carrier  rate  equation: 

| N(z, t)  =  M-R(X)-i^lrP(z, t)  ,  (1) 

dt  qV  huA 

where  R(N)  is  the  total  spontaneous  recombination  rate  which  is  generally  expressed  as  R(N)=AN+BN2+CN3,  where  A,B,C 
are  the  coefficients  for  the  nonradicate  recombination  ,the  spontaneous  emission  and  the  Auger  recombination,  respectively. 
gm  is  the  material  coefficient  per  unit  length,  which  can  be  written  as 


gm=a(N-N0). 


(2) 


In  equation  (1),  it  is  assumed  that  the  injection  current  is  uniform  spatially  .The  amplifier  longitudinal  nonuniformily  related 
to  the  variation  of  the  carrier  is  considered.  P(z,  t)  is  amplified  along  active  region  of  SOA,  which  can  be  expressed  as 

|-P(z)  =  (rgM(z)-«,)P(z).  (3) 

az 

With  numerical  computing,  the  output  optical  power,  switch  time  and  the  contrast  ratio  of  SOA  gate  in  steady  state  can  be 
got  by  solving  the  equation  (1),  (2)  and  (3).  In  the  calaulation,  the  active  region  of  SOA  is  divided  into  40  small  sections  to 
stimulate  the  nonuniformity  of  optical  power  along  SOA  waveguide.  All  the  parameters  used  in  the  theoretical  compute  are 
listed  in  Table  1. 


Table  1  the  parameters  used  in  the  computing 


A=0.25/ns 

T=0.3 

a=2.5-10'W 

B=0.1-10'l8cm3/ns 

V=1.2-1010cm3 

N,=1.0-1018cm'3 

C=0.94-10'37cm#/ns 

L=400nm 

a^Ocm'1 
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Fig.l  (a),  (b),  (c)  and  (d)  show  the  operation  of  switch  under  the  injection  current  pulse  of  the  step  function  and  the  50p.W 
input  optical  power.  It  is  clear  from  Fig.l  (b)  and  (d)  that  the  switch  time  (from  state  OFF  to  state  ON)  is  shorter  when  the 
injection  current  is  a  three-step  pulse.  It  is  well  known  that  the  switch  time  depends  on  the  carrier  lifetime  in  SO  A6.  Optical 
switch  based  on  quantum-well  semiconductor  optical  amplifier  (QW-SOA)  gate  has  higher  switch  speed.  Besides,  the  input 
optical  power  has  also  the  influence  on  the  speed  slightly.  The  theoretically  calculation  shows  however  that  certain 
transformation  of  the  injection  current  controlling  the  SO  A  gate  can  also  help  to  improve  the  switch  speed  effectively. 


Fig.l  (a)  t  (ns)  Fig.l (c)  t  (ns) 


Fig.  1  (a)  The  injection  current  pulse  in  SOA.  (b)  The  optical  power  of  the  SOA  gate  as  a  function  of  time 
corresponding  to  (a),  (c)  The  injection  current  pulse  in  SOA  wit  a  three-step  pulse,  (d)  The  optical  power 
of  the  SOA  gate  as  a  function  of  time  corresponding  to  (c). 


Fig.  2  Calculated  result  of  the  gain  GON ,  G0FF  and  the  contrast  ratio  of  SOA  versus  input  optical 
power  when  the  injection  currents  of  ON-state  and  OFF-state  are  60mA  and  OmA  respectively. 
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Contrast  ratio  C  is  defined  as  the  ratio  of  gain  at  ON-state  to  gain  at  OFF-state.  Fig.2  illustrates  the  theoretically 
gains  of  SOA  gate  at  steady  ON-state  and  OFF-state  versus  input  optical  power  for  ION=60mA  and  IoFF=0mA,  respectively. 
The  corresponding  contrast  ratio  C  as  the  function  of  input  optical  power  is  therefore  obtained  It  is  shown  that  the  contrast 
ratio  decreases  with  the  increasing  of  input  optical  power  (PJ  due  to  the  gain  saturation  of  ON-state  and  the  saturated 
absorption  of  OFF-state.  This  result  is  consistent  with  the  discussion  reported  before. 

2.2  Optimization  of  signal-noise  ratio 

At  ON-state,  the  gain  of  SOA  gate  compensates  the  fan-out  and  fan-in  losses  in  switch  arrays  with  the  price  of  introducing 
the  amplified  spontaneous  emission  (ASE)  noise.  In  the  following  calculation,  it  is  shown  that  there  are  two  ways  to  bate 
ASE  noise  in  switch  arrays  consisting  of  couplers  and  SO  As.  One  is  to  optimize  the  operation  current  of  SOA  gate  on  every 
stage;  another  is  to  design  the  special  architecture  of  the  switch  matrix. 

The  noise  figure  of  the  switch  decrease  with  the  increasing  of  the  optical  signal-to-noise  ratio  when  the  input  power  and 
switch  net  gain  is  given.  After  repetitious  attenuated  and  amplified  the  signal  power  comes  to: 

Pout  =  PmJ-‘i„L{G\  L  Lfit  L  LnGnL„+t  =  PmG,or  ,  (4) 

and  the  accumulated  ASE  noise  is 


P„=PastLn+i±(Gt-l)Y\LmGm,  (5) 

Jfc= 1  m=Jfc+l 

where  Lk  and  Gk  is  the  front  coupling  loss  and  the  gain  of  SOA  gate  at  stage  k,  respectively.  The  maximization  of  signal-to- 
noise  ratio  is  under  the  following  conditions:  the  total  gain  of  the  switch  equal  to  l;the  gain  of  SOA  at  every  stage  is  not 
larger  than  saturation  gain;  input  optical  power  is  fixed  to  be  a  constant.  So,  the  problem  is  simplified  to  be  the  minimization 
of  Pjp  with  these  constraints.  Differential  method  is  used  to  find  the  optimized  gain  of  SOA  at  every  stage 


-Pos'G„L, 

Gk 


td-LJYl^Lj 

i-k+l  j-l+l 


<0  ■ 


(6) 


If  GimaxGjmax-  ■  .Gn.lmiK  is  larger  than  the  required  gain,  the  last  amplifier  is  not  needed  and  the  problem  is  simplified  to  be  the 
optimization  of  the  front  (n-l)-stage  SOAs'  gain.  The  optimization  of  optical  signal-to-noise  ratio  is  realized  when 
maximizing  the  gain  of  the  front  stage  SOAs  and  minimizing  the  gain  of  the  rear  stage  SOA  are  reached  at  the  same  time. 

On  the  other  hand,  assuming  the  operation  current  of  every  SOA  is  fixed,  we  can  also  analyze  the  relation  between  P^and 
Lk  using  the  following  equation: 


Similar  to  the  discussion  of  gain  optimization,  we  can  obtain  the  following  conclusion:  the  noise  of  the  switch  in  which  the 
major  loss  is  at  the  front  stages  is  larger  than  that  of  the  switch  in  which  the  major  loss  is  at  the  rear  stages.  Choosing  the 
architecture  of  an  optical  switch  involves  a  lot  of  factors,  such  as  the  quantities  of  SOA  gates  and  couplers,  control 
complexity,  switch  speed  and  noise  figure.  Our  analysis  may  help  to  choose  the  topology  of  optical  switch  based  on  SOA 
gate. 


3.THE  METHOD  TO  EXTRACT  ROUTE  SIGNAL 

In  a  large-scale  optical  switch,  the  process  of  route  optical  signal  is  complex.  The  switch  control  complexity  and  state¬ 
setting  time  may  decide  a  switch's  system  performance  in  practice.  By  now,  in  most  optical  switches,  logic  control  signal  is 
extracted  from  the  optical  channel  by  opto-electrical  (OE)  transformation.  The  process  is  to  abstract  a  portion  of  signal 
power  from  the  signal  channel  with  a  optical  coupler,  to  convert  the  optical  signal  into  electrical  signal  with  PIN  detector,  to 
deal  with  the  electrical  signal  and  to  use  it  to  control  optical  switch  array.  Obviously,  the  optical  coupler  and  detector 
degenerate  the  superiority  of  optical  switch.  Here,  a  special  and  simple  method  to  extract  the  logic  control  signal  of  the 
optical  switch  based  on  SOA  gate  is  presented.  Experiment  show  that  the  method  works  well. 

In  semiconductor  optical  amplifier,  the  interaction  of  photon  and  electron  produces  three  optical  phenomena  namely 
stimulated  absorption,  spontaneous  emission  and  stimulated  emission.  Under  the  zero  bias  current  the  stimulated  absorption 
is  dominant  in  the  active  region  of  SOA.  The  carrier  density  and  the  SOA  junction  voltage  vary  according  to  input  optical 
power.  When  injection  current  increases  and  the  carrier  density  is  equal  to  the  transparent  carrier  density,  stimulated 
emission  balance  with  stimulated  absorption.  At  this  threshold  point,  carrier  density  and  SOA  junction  voltage  do  not  vary 
with  input  optical  power.  If  the  injection  current  exceed  this  threshold,  stimulated  emission  becomes  the  major  phenomenon 
in  SOA.  The  carrier  density  and  the  SOA  junction  voltage  vary  reversely  with  the  input  optical  power.  Based  on  this 
phenomenon,  a  new  method  to  extract  optical  route  signal  from  optical  channel  is  designed.  If  the  injection  current  of  SOA 
at  ON-state  is  larger  than  the  threshold  point,  the  SOA  junction  voltage  signal  can  be  amplified  directly  and  be  treated  as  the 
route  signal.  Fig.  3  shows  the  experimental  result  for  the  measurements  of  the  SOA  junction  voltage  versus  the  injection 
current  in  the  SOA. 


Fig.  3  Measured  amplified  junction  voltage  amplitude  of  SOA  gate  versus  the  injection  current  in  SOA 
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Clear  step  signal  of  the  junction  voltage  is  also  observed  with  a  common  oscillograph  when  the  input  optical  signal  is  a  step- 
function  wave.  In  an  optical  switch,  SOA  is  always  biased  to  be  at  the  state  of  amplifying  to  give  small-signal  gain  so  the 
phase  of  the  junction  voltage  signal  is  reversed  to  the  input  optical  signal.  Note  that,  in  Fig.3,  the  junction  voltage  of  SOA 
decreases  sharply  after  the  injection  current  exceeds  100mA.  It  is  because  that  when  the  injection  current  is  larger  than 
100mA,  the  SOA  tested  in  our  experiment  get  into  excited  state.  Injected  carrier  becomes  to  be  depleted  abundantly  and  the 
junction  voltage  is  cut  down. 

With  this  simple  method,  it  is  not  necessary  to  insert  the  OE  transformation  in  the  optical  switch  matrix  based  on  SOA  gate, 
which  makes  the  switch  cost  lower.  It  is  possible  to  be  integrated  packaged,  because  the  route  signal  is  extracted  from  the 
junction  voltage  of  SOA  directly.  This  method  is  superior  than  usual  method  refering  to  the  fast  switching  of  packet  switch. 


4.  SWITCH  MATRIX  BASED  ON  SOA  GATE 

Fig.4  show  a  1x2  semiconductor  optical  amplifier  switch  element  with  this  method.  The  route  signal  is  extracted  from  the 
first-stage  SOA  and  processed  to  control  the  injection  current  of  the  second  stage  SOAs.  From  Fig.3  ,we  can  see  that  the 
junction  voltage  was  affected  by  the  injection  current  level  greatly.  1 1  is  coincident  with  the  fact  that  carrier  density  depend 
on  injection  current  mainly.  In  our  experiments,  the  injection  current  of  the  SOA  from  which  we  extract  the  route  signal 
keeps  stable.  It  guarantees  the  steady  operation  of  the  switch  element. 


Fig.4  a  1x2  switch  element  based  on  SOA  gate 


Fig  .5  4x4  gate  array  based  on  SOA 


Fig.  5  presents  a  4x4  switch  matrix  based  on  SOA  gate.  The  four  amplifiers  at  the  front-stage  and  at  the  back-stage, 
respectively,  serve  as  booster  amplifiers  while  the  middle-stage  SOA  are  used  as  switching  gate.  It  is  a  complete 
nonblocking  optical  switch  and  supports  both  broadcast  and  point-to-point  communication.  In  addfipn,  it  uses  a  mimimnm 
number  of  SOA  gate.  Our  method  is  applicable  in  this  switch  matrix.  Route  signal  is  extracted  from  the  booster  amplifiers  at 
the  front-stage  and  controls  the  currrent  injected  in  the  SOA  gates  at  the  middle-stage.  Monolithically  integrated  4x4 
semiconductor  ooptical  amplifier  gate  array  of  this  architecture  have  been  fabricated  and  improved  gradually7.  With  the 
method  demonstrated  here,  large  scale  switch  matrix  based  on  SOA  gate  would  be  able  to  get  into  practice  in  the  near 
future. 
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5.  CONCLUSION 


This  paper  analyzed  the  switch  time  and  contrast  ratio  of  SOA  gate.  A  possible  way  to  improve  the  switch  time  of  SOA  gate 
is  also  presented.  ASE  noise  is  a  limitation  of  semiconductor  amplifier  switch  matrix.  We  discussed  two  methods  to 
decrease  the  ASE  noise  of  cascaded  SOAs.  In  addition,  a  new  and  simple  method  to  extract  route  signal  of  the  optical 
switch  is  demonstrated.  It  is  shown  that  .with  this  method,  compact, high  speed  and  low-cost  otical  switch  matrix  can  be 
fabricated  by  monolithical  integrating  techniques. 
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ABSTRACT 

A  normal-incident  SiGe/Si  multiple  quantum  wells  (MQWs)  photodetector  was  reported.  The  structure  and  fabrication 
process  of  the  photodetector  were  introduced.  The  photocurrent  spectra  measurement  showed  that  the  response  spectra 
was  expanded  to  1.3pm  wavelength.  The  quantum  efficiency  of  the  photodetector  was  0.1%  at  1.3pm  and  20%  at 
0.95  pm. 

Keywords:  SiGe/Si,  MQWs,  Photodetector 


1.  INTRODUCTION 

Nowadays,  most  of  the  research  on  photodetectors  and  receivers  for  optical  communication  has  successively  utilized 
m-V  compounds  because  of  their  superior  performance  to  silicon  technology.  However,  Si  integrated  circuit 
technology  is  mature,  compact,  cheap  and  reliable.  The  compatibility  of  Si-based  materials  with  the  Si  process 
technology  stimulates  a  great  number  of  research  efforts  to  exploit  Si-based  photodetectors.  The  spectral  response  of 
Si-based  photodetectors  was  extended  into  the  1.3pm  spectral  region  through  the  use  of  strained  SiGe/Si 
heterostructures.  These  have  opened  the  door  for  the  realization  of  Si-based  monolithic  integrated  photoreceiver  for 
optical  communication.  Unfortunately,  the  indirect  bandgap  of  SiGe  results  in  a  small  absorption  coefficient  as 
compare  with  the  direct  bandgap  materials.  In  order  to  achieve  a  high-quantum  efficiency,  in  most  of  the  SiGe/Si 
photodetectors,  the  incident  light  is  coupled  into  the  buried  waveguide  formed  by  the  larger  index  of  refraction  of  the 
strained  superlattice  layer  sandwiched  between  layers  of  Si  to  have  a  sufficiently  large  absorption  depth  The 
disadvantage  is  that  it  is  difficult  to  couple  with  fiber  and  the  coupling  efficiency  is  low.  In  this  paper,  we  introduce  a 
normal  incident  SiGe/Si  MQWs  photodetector  operating  at  1.3  pm. 

2,  STRUCTURE  AND  FABRICATION 

The  schematic  structure  of  the  SiGe/Si  MQWs  photodetector  was  shown  in  Fig.  1 .  The  materials  were  grown  by  MBE  at 
750  C.  Starting  from  the  n-Si  (100)  substrate,  a  lOOnm  intrinsic  Si  layer  was  grown  as  the  buffer.  On  the  buffer  layer, 
the  absorption  layer  of  the  photodetector  which  contains  20  periods  of  alternately  stacked  lOnm  Sio.7Geo.3  and  30nm  Si 
was  grown.  Then  a  lOOnm  intrinsic  Si  and  a  lOOnm  p+-Si  contact  layer  were  grown  sequentially. 

Devices  were  fabricated  using  standard  photolithography  and  dry  etching.  Circular  mesas  were  etched  down  to  the 
substrate  by  SFg+CV  The  diameter  of  the  mesa  was  1mm.  A1  was  evaporated  to  form  the  top  contact.  The  device  was 
thinned  to  100pm  from  backside  and  the  bottom  contact  was  formed  by  evaporating  Aluminium.  500nm  SiOxNy  was 
used  to  passivate  the  device. 


3.  RESULT  AND  DISCUSSION 

Fig.2  showed  the  I-V  characteristic  of  the  device.  It  was  shown  that  the  device  has  good  electrical  properties.  The 
breakdown  voltage  was  12V.  At  a  reverse  bias  of  1 1.5V,  the  leakage  current  is  0.002mA,  corresponding  to  a  current 
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density  of  0.064mA/cm2. 
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Fig-1  Schematic  cross  section  of  the  normal  incident 
SiGe/Si  MQWs  photodetector. 

The  photocurrent  response  of  the  device  at  different  bias  was  shown  in  Fig.3.  Tungsten  lamp  was  used  as  light  source. 
The  spectrum  was  obtained  by  using  a  Fourier  transform  infrared  spectrometer.  It  showed  that  there  was  a  peak 
response  at  about  0.95  pm.  The  wavelength  range  for  which  the  photodetector  can  response  has  been  expanded  to 
1.3pm  wavelength.  The  photocurrent  increased  with  the  increasing  of  the  applied  bias.  But  the  response  at  1.3pm 
changed  only  a  little  when  the  bias  was  increased. 

The  quantum  efficiency  of  the  photodetector  was  measured  by  a  calibrated  InGaAs  photodetector.  The  result  was 
shown  in  Fig.4  as  dots.  The  external  quantum  efficiency  of  the  device  was  0.1%  at  1 .3  pm  and  20%  at  0.95pm. 


Fig.2  I-V  characteristic  of  the  Photodetector. 
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Fig.3  Photocurrent  spectra  of  the  photodetectors  at  various  applied  bias. 


The  external  quantum  efficiency  is  strongly  dependent  on  the  material  absorption  coefficient  a.  L.  Naval  et  al 
developed  an  estimate  of  a  for  the  stained  SiGe  alloy  based  on  the  absorption  data  for  unstrained  (bulk)  SiGe 
provided  by  Braunstein  et  al [5].  For  low  absorption  levels,  the  room  temperature  curves  are  fitted  to  a  simple  one- 
phonon  model  for  the  fundamental  absorption  as  follows: 
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kO  <hv  <Eg  +kd  (1) 

hv>Eg  +kO 

Where  Eg  is  the  indirect  bandgap.  T  is  the  temperature,  k  is  Boltzman  constant,  and  0  is  the  phonon  equivalent 
temperature.  The  parameters  Aa  and  Ae  weigh  the  phonon  absorption  and  emission  contributions,  respectively.  The 
external  quantum  efficiency  of  the  device  can  get  as  follows: 

T)  =  (l-R)(l-e~aWd) 

Where  R  is  the  reflectance  of  the  device  surface,  d  is  the  equivalent  absorption  depth.  The  calculated  result  of  r\  was 
shown  in  Fig.4  as  solid  line. 
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Fig.4  Measured  external  quantum  efficiency  of  the  photodetector  by  a  calibrated  InGaAs  detector  (dots) 
and  theoretical  results  (solid  line). 

The  0.1%  quantum  efficiency  at  1.3pm  is  too  low  for  practical  use.  There  are  two  main  reasons  that  cause  the  low 
quantum  efficiency.  First,  in  this  device,  the  Ge  content  x  of  the  SiGe  absorption  layers  is  too  low.  The  absorption 
coefficient  of  the  Si0.7Ge0.3  layer  is  too  little  at  1.3pm  wavelength.  The  other  reason  is  that  the  thickness  of  the 
absorption  layer  was  little. 

There  are  several  approaches  that  can  be  taken  to  increase  the  efficiency.  First,  The  quantum  efficiency  will  be 
increased  if  Sii^Ge*  absorption  layers  with  higher  Ge  mole  fraction  were  grown.  But  because  of  the  large  lattice 
mismatch  between  Si  and  Ge,  the  thickness  of  the  SiGe  layer  must  be  not  above  the  critical  thickness  so  that 
pseudomorphic,  dislocation-free  SiGe  alloy  layers  can  be  grown  on  a  silicon  substrate.  This  thickness  has  a  strong 
dependency  on  the  Ge  fraction,  x.  So,  a  compromise  between  x  and  the  thickness  of  the  absorption  layer  must  be  taken. 
Secondly,  in  order  to  settle  the  limitation  of  the  thickness  of  the  absorption  layer,  two  kinds  of  materials  can  be  chosen. 
One  of  them  is  SiGeC  alloy.  It  has  been  found  that  SiGeC  will  be  lattice  match  with  Si  substrate  when  the  ratio  of  Ge 
content  and  C  content  equal  to  9:1[6-1.  Using  this  kind  of  SiGeC  alloy  as  absorption  layer,  the  thickness  will  not  be 
limited  due  to  the  strain.  One  can  grow  more  thick  absorption  layer  to  achieve  high  quantum  efficiency.  The  other 
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material  which  can  be  chosen  for  absorption  layer  is  strain  compensated  Sii_xGex/Si  MQWs.  The  Sii_xGex/Si  MQWs 
was  grown  on  a  relaxed  Sii_yGey  alloy  layer  (x>y).  The  Sil-xGex  absorption  layers  will  be  compressed  and  the  Si 
barrier  layers  are  tensed.  The  total  strain  of  the  MQWs  can  be  zero.  Thirdly,  using  a  resonant  cavity  structure,  will 
effectively  increase  the  absorbing  length,  therefore,  increasing  the  quantum  efficiency 

4.  CONCLUSION 

A  normal-incident  SiGe/Si  MQWs  PIN  photodetector  have  been  fabricated.  The  response  spectrum  was  expanded  to 
1.3pm  wavelength  because  of  the  strain-induced  band-gap  narrowing.  An  external  quantum  efficiency  of  0.1%  at 
1.3  pm  has  been  obtained. 
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ABSTRACT 

Origin  of  erbium  luminescence  at  1.54  [am,  a  prospective  optical  source  in  silicon  based  optoelectronics  has  been  analyzed. 
Erbium  atoms  in  silicon  have  been  considered  as  recombination  centers  with  specific  values  of  capture  and  emission 
coefficients.  Electron-hole  recombination  through  these  levels  has  been  considered  to  be  the  origin  of  erbium  excitation.  At 
steady  state  of  excitation,  a  certain  fraction  of  erbium  sites  were  found  to  remain  occupied  by  electrons.  Trapped  electrons, 
which  eventually  recombine  with  holes  in  the  valence  band,  provide  the  energy  for  4I15/2  ->4Ii3/2  transition  of  erbium  atoms. 
It  was  however  found  that,  even  with  100%  quantum  efficiency  of  this  energy  transmission,  not  every  electron-hole 
recombination  corresponds  to  the  excitation  of  an  erbium  atom.  This  wastage  of  recombination  energy  was  attributed  to  the 
rather  long  lifetime  of  erbium  decay.  Capture  and  emission  processes  of  photo  generated  excess  carriers  in  the  erbium 
related  level  have  been  equated  for  non-steady  state  conditions.  It  has  been  shown  that  the  steady  state  erbium  luminescence 
actually  follows  a  transient  rise,  typically  of  the  order  of  few  hundred  microseconds.  The  anomalous  behavior  of  continuous 
rise  of  erbium  luminescence  after  termination  of  short  excitation  pulses  of  30  ps  has  been  explained  mathematically  for  the 
first  time. 

Keywords:  Erbium,  excitation,  luminescence,  Shockley-Read-Hall,  defect  level 


1.  INTRODUCTION 

The  rare  earth  element  erbium  has  the  interesting  property  of  emitting  at  1.54  pm,  the  wavelength  for  optical 
communication.  Incorporation  of  erbium  into  silicon  thus  opens  the  possibility  of  complete  optoelectronic  functionality  in 
silicon  chips.  Despite  the  fact  that  the  silicon  technology  is  now  very  much  mature  and  economically  viable,  it  has  the 
serious  shortcoming  of  not  being  radiative.  There  are  different  approaches  like  porous  silicon,  defect  induced  emission,  etc. 
to  achieve  efficient  light  emitters  in  silicon,  but  the  Si:Er  technique  till  now  seems  to  be  the  most  promising  option.  Since 
the  first  demonstration  of  atomically  sharp  luminescence  of  erbium  in  silicon  by  Ennen  et  al,1  numerous  work  has  been  done 
on  this  field.  Efficiency  of  erbium  luminescence  has  been  increased  substantially  by  introducing  co-dopants.2  The  problem 
related  to  limited  solid  solubility  of  erbium  in  silicon  has  also  been  solved  by  the  technique  of  solid  phase  epitaxial 
recrystallization.3  Light  emitting  diodes  working  at  room  temperature  have  already  been  demonstrated  few  years  ago.4,5 

The  mechanism  of  erbium  luminescence  in  silicon  however  is  not  fully  understood.  It  is  accepted  that,  erbium  atoms  are 
excited  from  the  ground  state  to  a  higher  energy  state  (4Ii3/2)  through  electron-hole  recombination  process.  The  excited  atom 
relaxes  from  the  41 13/2  state  to  the  ground  state  either  by  a  radiative  or  a  non-radiative  process.6,7  The  former  represents  the 
emission  of  a  photon  at  1.54  pm.  The  exact  mechanism  of  erbium  excitation  is  still  under  investigation.  It  was  suggested 
through  a  theoretical  analysis  that,  a  band  to  band  Auger  process  can  be  a  possible  mechanism  with  the  help  of  a  localized 
defect  state.8  Priolo  et  al,  on  the  other  hand,  explained  the  excitation  mechanism  through  excitons  bound  in  erbium  related 
defect  states.9  This  idea  of  exciton  related  mechanism  was  supported  by  others  while  trying  to  explain  the  behavior  of 
erbium  luminescence  under  short  excitation  pulses  in  photoluminescence  measurements.  For  short  excitation  pulses  of  the 
order  of  30  ps,  it  was  found  that  the  luminescence  from  erbium  continues  to  increase  for  a  certain  duration  even  after  the 
laser  pulse  has  been  terminated.10,11  In  a  recent  publication,  on  the  other  hand,  Taguchi  et  al.  suggested  that  the  observed 
behavior  of  erbium  luminescence  under  short  excitation  pulses  can  result  from  a  slower  system  response.12  The  proposed 
mechanisms,  however,  are  ambiguous  to  some  extent,  and  fail  to  explain  the  experimental  results  conclusively.  The  idea  of 
exciton  related  mechanism  is  not  very  consistent  with  the  fact  of  erbium  luminescence  at  room  temperature. 
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In  this  paper,  we  develop  a  new  approach  for  erbium  excitation  involving  impurity  states.  Our  model  gives  detail 
explanation  of  the  origin  of  erbium  luminescence  in  silicon.  We  also  show  for  the  first  time  that  the  observed  behavior  of 
erbium  luminescence  under  short  excitation  pulses  is  real,  and  can  be  explained  mathematically. 

2.  THE  LUMINESCENCE  MECHANISM 

We  propose  that  the  erbium  excitation  is  a  process  involving  electron-hole  recombination  at  the  erbium  site.  The  erbium 
atom  has  been  considered  to  be  an  impurity  center  (Shockley-Read-Hall)  in  silicon.  The  corresponding  defect  level  in  the 
band  gap,  referred  as  erbium  level  from  now  on,  has  been  assigned  with  values  of  thermal  emission  and  capture  coefficients 
for  charge  carriers.13  In  accordance  with  experimental  results  in  the  literature,14  we  have  taken  this  erbium  level  to  be 
situated  150  meV  below  the  conduction  band.  Possible  capture  and  emission  processes  of  carriers  in  the  erbium  level  are 
show  in  Figure  1.  The  electron  trapped  in  the  erbium  level  can  either  jump  back  to  the  conduction  band,  or  it  can  capture  a 
hole  in  the  valence  band.  The  later  process  corresponds  an  electron-hole  recombination,  and  the  resulting  energy  becomes 
available  to  the  erbium  atom  for  possible  excitation.  The  excited  atom  decays  to  its  ground  state  by  the  characteristic 
lifetime  of  decay.  Radiative  part  of  this  4Ii3/2 — ^4Ii5/2  transition  corresponds  the  light  emission  at  1.54  pm. 


Figure  1.  Schematic  diagram  of  the  processes  involving  erbium  excitation:  (i)  electron  capture,  (ii)  electron  emission, 

(iii)  hole  capture,  and  (iv)  hole  emission.  Destination  of  electron  through  a  process  is  shown  by  a  symbol  on  the 
arrowhead.  Processes  (i)  and  (iii)  together  correspond  the  excitation  of  an  erbium  atom  from  ground  state  to  the  higher 
energy  state. 

Let  Ngr  is  the  total  number  of  active  erbium  sites  per  unit  volume  and  nEr  of  them  are  filled  by  electrons  at  a  steady  state  of 
optical  excitation.  The  process  of  capturing  an  electron  or  emitting  a  hole  from  the  erbium  level  depends  on  the  number  of 
empty  sites.  Similarly,  the  process  of  electron  emission  or  hole  capture  in  the  erbium  level  depends  on  the  number  of  erbium 
sites  being  occupied.  The  balance  between  capture  and  emission  of  carriers  in  the  erbium  level  is  then  given  as: 

e„nEr  +  CpPnEr  =  eP(NEr  ~  «£r( 0)  +  C„n(N £r  ~  «&(0X  (1) 

where  em  ep  are  the  electron  and  hole  emission  rates  respectively  with  units  of  s'1;  and  c„,  cp  are  the  corresponding  capture 
coefficients  with  units  of  cm3 s’1.  The  first  term  on  the  left  hand  side  represents  the  rate  of  electron  emission  from  the  erbium 
level,  whereas  the  second  term  represents  the  rate  of  hole  capture.  The  two  terms  on  the  right  hand  side  represents  the  rate  of 
hole  emission  and  electron  capture  respectively.  The  fraction  of  erbium  atoms  being  occupied  by  electrons  at  steady  state  is 
then  given  as: 

y  _  Ykr  _  c„n+ep  (2) 

NEr  en+cPp+c„n+eP 
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The  number  of  erbium  sites  which  are  filled  with  electrons  and  are  available  for  excitation  is  given  by  f(NErNE*),  where 
NEr  is  the  number  of  excited  erbium  ions  in  the  steady  state.  Taking  the  assumption  that  the  excited  erbium  ions  do  not 
change  the  electronic  property  of  the  corresponding  defect  levels,  the  rate  of  erbium  excitation  is  given  by: 

* 

f,iNsrNJcpP-^.  (3) 

Tet 


where  rEr  is  the  decay  time  of  the  4I13/2  state  of  erbium  to  the  ground  state,  taking  the  effect  of  radiative  and  non-radiative 
transitions.  If  the  radiative  lifetime  of  the  excited  erbium  state  is  given  by  irlMi  then  the  luminescence  strength  from  erbium  is 
given  by: 


/  oc 


Nel=  CJlL  LlM± 

T'rad  f  T  CpP  +  —  ^racl 
TEr 


3.  INITIAL  RISE  OF  THE  LUMINESCENCE 


(4) 


When  a  laser  pulse  is  applied  to  an  erbium  doped  silicon  sample,  excess  electron-hole  pairs  are  generated.  Recombination  of 
these  carriers  through  erbium  sites  results  in  1.54  pm  luminescence.  However,  rate  of  capture  and  emission  of  carriers 
through  erbium  centers  is  controlled  by  the  corresponding  emission  and  capture  coefficients.  As  a  result,  a  finite  amount  of 
time  is  needed  for  the  erbium  luminescence  to  reach  the  steady  state.  Equating  the  capture  and  emission  rate  of  carriers  from 
the  erbium  level  as  a  function  of  time,  we  obtain, 

=  (eP  +  c„n)(NEr  -  nEr  (0)  -  (e„  +  cpp)nEr  ( t ).  (5) 


Solution  of  equation  (5)  gives  the  time  function  of 
electron  occupied  erbium  sites  as: 

(6) 

where, 

a  =  (eP+e„+c„n+cPp ) 

b  =  (eP+Cnn ) 

The  effect  is  shown  in  Figure  2  for  a  typical  set  of 
parameters.  The  electron  occupancy  of  erbium  levels 
is  seen  to  be  increasing  exponentially  to  a  steady 
level.  The  time  variation  of  nEr(t)  results  in  a 
variation  in  the  capture  and  emission  processes  of 
carriers.  The  rate  of  electron-hole  recombination 
through  erbium  levels  is  then  given  by  nEr(t)cpp. 
However,  even  with  a  100%  quantum  efficiency  of 
coupling  between  the  erbium  level  and  the  4f  shell 
electrons,  not  every  recombination  will  be  useful  for 
exciting  erbium  atoms.  Energy  released  by  electron- 
hole  recombination  at  sites  where  erbium  atom  is  still 
in  the  excited  state,  would  naturally  be  a  wastage  in 
terms  of  erbium  luminescence.  This  fraction  of 


Figure  2.  Time  function  of  erbium  luminescence  after  providing  the 
laser  excitation,  (a)  the  exponential  increase  of  electron  occupied 
erbium  sates  (nEr)  to  the  steady  value,  (b)  increase  of  PL  intensity  to  the 
final  value.  A  rise  time  of  the  order  of  few  hundred  microseconds  is 
noticed. 
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recombination  energy  is  likely  to  be  a  significant  factor  in  determining  erbium  luminescence  strength,  as  the  lifetime  of 
erbium  decay  is  rather  long.  Taking  assumption  that  the  electronic  property  of  an  erbium  level  remains  independent  of  the 
energy  state  of  the  corresponding  atom,  the  net  rate  of  excitation  (pumping  rate,  P(t))  can  be  taken  as, 

Pit)  =  /,  (t)[NEr  -  nEr  (t)]cpp,  (7) 

where,  nE*(t)  is  the  density  of  erbium  atoms  in  excited  state. 

Equating  the  rate  of  erbium  excitation  with  the  rate  of  decay,  we  obtain, 


dt 


=  fMNEr-nEMcpp- 


(8). 


Luminescence  strength  from  erbium  atoms  at  any  instant  will  be  proportional  to  the  concentration  of  excited  atoms,  and  is 
given  as:  I(t)  oc  nEr*(t)/Trad. 

Equations  (5-8)  represent  the  initial  transient  in  erbium  luminescence.  The  resulting  time  variation  of  luminescence  is  shown 
in  Figure  2.  It  is  interesting  to  see  that,  the  luminescence  from  erbium  takes  a  rather  long  time  to  reach  the  steady  state.  It 
has  been  found  that,  the  rise  time  typically  varies  in  the  range  of  few  hundred  microseconds.13 

4.  SHORT  EXCITATION  PULSE 

The  pumping  rate  of  erbium  atoms,  as  given  by  equation  (7),  is  a  product  of  fT(t)  and  (NEr  nE*(t )).  Thus  the  pumping  rate 
goes  through  a  peak  value  before  reaching  the  steady  state  where  pumping  and  decaying  rates  become  equal  with  a 
consequence  of  constant  luminescence.  As  soon  as  the  laser  excitation  is  terminated,  the  excess  carrier  density  starts 
decaying  exponentially  with  the  carrier  lifetime.  The  luminescence  decay  profile  for  this  case  follows  the  same  equations  (5- 
8)  with  proper  boundary  conditions. 

If  a  laser  excitation  pulse  can  be  made  short  enough,  luminescence  from  erbium  fails  to  reach  the  steady  level  at  the  time  of 
termination  of  the  pulse.  The  pumping  rate,  as  a  result,  remains  higher  than  the  rate  of  erbium  decay.  Apart  from  that,  the 
pumping  action  remains  efficient  due  to  less  number  of  erbium  atoms  being  in  the  excited  state.  As  a  result,  termination  of 
the  laser  excitation  doesn’t  correspond  an  instant  decay  of  luminescence.  Instead,  the  trapped  carriers,  as  well  as  a  fraction 
of  the  excess  carriers  keep  on  pumping  erbium  atoms  with 
a  rate  higher  than  that  of  their  decay.  The  slow  down 
process  of  the  pumping  action  depends  on  capture  cross- 
section,  emission  coefficient,  carrier  lifetime,  etc.,  and 
follows  equations  (5), (7),  and  (8).  The  luminescence  peak 
is  achieved  at  a  point  where  pumping  rate  of  erbium  atoms 
equals  the  rate  of  their  relaxation  to  the  ground  state. 

Using  our  model,  we  have  been  able  to  simulate  both  the 
experimental  results  reported  on  short  excitation 
pulses.10,11  In  fact,  we  put  a  wide  variation  of  values 
regarding  emission  and  capture  coefficients,  lifetimes, 
laser  power,  etc.,  and  found  die  same  anomalous  effect  for 
short  excitation  pulses.  Figure  3  shows  the  fitting  on  the 
result  of  Shin  et  al.10  Same  operating  temperature  of  9K 
was  taken  in  our  model.  For  this  particular  case,  capture 
cross  section  for  electron  and  hole  was  taken  to  be 
2.2x1 O'19  cm2.  Electron  emission  coefficient  was  taken  as 
10'3  s'1;  and  the  emission  coefficient  for  hole  in  accordance 
with  this  value  was  found  to  be  negligible.  To  our 
understanding,  estimation  of  optically  active  erbium  atoms 
by  electrical  or  optical  measurements  can  only  give 
approximated  values.  This  is  due  to  the  fact  that,  the 


Figure  3.  Calculated  photoluminescence  intensity  from  an  erbium 
doped  sample  under  a  short  excitation  pulse  of  30  jis.  Symbols 
indicate  the  experimental  results  from  Shin  et  al.10  The  dotted  line 
corresponds  the  gradual  rise  of  PL  to  a  steady  state  in  case  of  a 
laser  pulse  of  sufficient  duration. 
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luminescence  intensity  is  proportional  to  the  excited  erbium  atoms,  not  the  actual  density  of  optically  active  atoms. 
Electrical  activation  of  an  erbium  atom  in  the  form  of  a  donor  or  a  trap  level,  on  the  other  hand,  can  only  be  regarded  . as  the 
first  step  towards  optical  activation.  We  therefore,  have  taken  a  value  of  10I7/cm3  as  the  concentration  of  optically  active 
erbium  centers.  This  value  is  a  factor  of  three  less  than  that  regarded  in  ref.  10  as  the  concentration  of  electrically  and 
optically  active  erbium  atoms.  The  lifetime  for  erbium  decay  was  taken  as  1.1ms.  This  varies  from  the  approximated  value 
of  800  ps  by  Shin  et  al.,  but  in  general  is  a  good  match  with  most  of  the  reports  on  luminescence  decay.6,715  Optical 
generation  rate  of  carriers  was  taken  to  be  1022/cm3/s,  with  a  minority  carrier  lifetime  of  15  ps.  The  simulated  curve  in  this 
case  fits  remarkably  well  with  the  reported  result.  The  prolonged  rise  of  erbium  luminescence,  as  observed  by  Przybylinska 
et  al.11  was  of  the  order  of  100  ps,  with  a  100%  increase  of  luminescence  during  this  period.  We  found  that,  the  condition 
was  originated  mostly  due  to  a  longer  carrier  lifetime.13  This  is  reasonable,  as  the  background  concentration,  as  well  as  the 
implantation  dose  in  their  sample  was  considerably  lower. 

5.  CONCLUSION 

In  conclusion,  we  have  analyzed  die  mechanism  of  erbium  luminescence  in  silicon  in  detail.  Erbium  sites  were  considered 
as  Shockley-Read-Hall  centers.  Electron-hole  recombination  through  these  levels  have  been  equated  for  the  erbium 
excitation  process.  The  proposed  model  explains  the  transient  conditions  of  luminescence  rise  and  decay.  The  anomalous 
behavior  of  erbium  luminescence  under  short  laser  excitation  pulses,  as  reported  in  literature,  has  been  explained  with  the 
model. 
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ABSTRACT 

In  optical  computation  matrix  multiplication  takes  an  important  role  for  the  purpose  of  digital  data  processing.  Lot  of 
proposals  with  various  techniques  on  matrix-matrix  multiplication  have  been  seen  in  the  last  few  decades.  Here  in  this 
communication  the  authors  propose  a  new  concept  of  digital  matrix  multiplication  scheme  with  fibre  optic  spatial  maps. 

Keywords:  Matrix  multiplication,  fibre  optic  spatial  maps,  binary  matrices. 

1.  INTRODUCTION 

Optics  has  successful  contribution  in  computation  and  arithmetic  data  processing  and  operations  due  to  its  inherent 
parallelism.  Many  schemes  of  arithmetic  data  processing  are  already  reported  by  the  scientists  in  last  few  decades.1'12  In 
parallel  optical  computation  matrix-matrix  multiplication  has  a  major  role  for  digital  data  processing.  There  are  many 
proposals  of  matrix  multiplications,  which  are  implemented  by  optics.13-17  Uses  of  photorefractive  media  to  develop  systems 
for  matrix  multiplication  were  described  by  C.  Gu  et~al16  and  B.  Liu  et~al17  in  their  individual  contributions.  C.  Gu  et~al 
proposed  the  method  of  matrix-matrix  multiplication  by  the  proper  use  of  photorefractive  media  in  the  system,  where  the 
elements  of  the  resultant  matrix  is  expressed  by  the  graded  variation  of  light  intensity.  In  an  alternative  approach  B.  Liu 
et~al  proposed  a  scheme  of  Matrix-vector  multiplication  by  the  use  of  photorefractive  crystal.  There  also  the  elements  of  the 
resultant  matrix  are  expressed  by  the  graded  variation  of  light  intensity.  In  such  way  we  can  see  that  there  are  many  other 
proposals  of  matrix  multiplications,  which  are  published  in  the  last  decade.  Here  in  this  communication  we  report  a 
completely  newer  approach  for  multiplication  of  two  matrices,  where  each  elements  are  represented  by  a  bit  either  1  or  0. 
The  result  of  the  whole  multiplication  operation  comes  also  as  a  binary  matrix,  i.e.  elements  are  represented  either  by  1  or 
by  0.  For  an  example  we  take  two  different  matrices 
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The  product  of  the  two  matrices  is 
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The  result  P  can  be  written  as 


P  = 


1 

1 

1 


1  0 
1  1 
1  1 


if  it  is  considered  that  elements  of  the  result  are  represented  bitwise,  i.e.,  either  by  1  or  0. 

2.  OPTICAL  IMPLEMENTATION  OF  MULTIPLICATION  SCHEME  OF  TWO  BINARY  MATRICES 

The  optical  implementation  of  the  scheme  is  given  in  Figure  1.  In  this  scheme  we  need  parallel  beam  source  for  the 
multiplication  operation.  There  are  two  parallel  planes  separated  by  a  small  distance  selected  for  giving  input  signal.  The 
first  plane  takes  the  input  matrix  A  and  the  second  plane  does  the  same  for  B.  For  3  x  3  matrix  multiplication  each  of  the 
input  planes  accommodates  27  square  pixels  or  cells  (9  x  3)  made  of  either  by  optical  shutters  or  by  optically  or 
electronically  triggered  spatial  light  modulators.  Each  of  the  cells  has  a  triggering  channel  for  addressing.  The  addressing 
signal  may  be  an  electronic/opto-electronic/optical  signal  depending  on  the  material  requirement.  The  character  of  the  cells 
is  that,  when  they  get  triggering  signal  1  (presence  of  the  proper  triggering  signal)  they  become  transparent  and  at  the  time 
of  withdrawal  of  the  signal  they  become  opaque.  Here  in  the  first  input  plane  each  cell  takes  that  amount  of  the  input 
triggering  signal  which  is  required  for  switching  the  elements  of  the  A  matrix.  For  example  to  give  the  inputs  in  the  first 
plane  the  first  cell  in  the  first  row  here  takes  1,  the  second  cell  takes  0  and  the  third  takes  1  triggering  signal. 

In  the  same  way  4th,  5th  and  6th  cells  of  the  first  row  repeat  like  first,  second  and  third  cells  respectively.  After  that  7th,  8th 
and  9th  cells  repeats  also  like  first,  second  and  third  cells  in  respect.  Following  the  same  procedure  each  ceil  is  transparent 
(i.e.,  1)  in  the  second  row  of  the  first  input  plane  and  cells  in  the  third  row  of  the  first  input  plane  take  the  triggering  signals 
0,  1,  1,  0,  1,  1,  0,  1,  1  respectively  from  first  to  last.  The  triggering  signals  of  the  cells  in  the  first  plane  are  given  in  such  a 
way  that  the  3  x  3  A  matrix  comes  three  times  side  by  side,  where  the  elements  (1  or  0)  of  the  matrix  A  are  signified  by  the 
transparencies  of  the  cells  in  the  A  plane.  So  one  can  think,  a  matrix  like 

"l  0  1  10  1  1  0  f 

111  111  111 

Oil  011  011 

Is  appeared  in  the  A  plane  to  represent  the  input  A  matrix 

‘l  0  f 
1  1  1 
0  1  1 


In  such  way  any  square  matrix  can  be  represented  by  the  above  process  of  repeating  in  series.  Here  each  bit  element  of  the 
matrix  is  represented  by  transparency  (opaque  or  transparent)  in  the  A  plane.  For  example  if  our  input  A  matrix  is 

“10  11" 

110  1 
10  10 
10  0  1 


then  its  representation  in  A  plane  will  be 
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1011  1011  1011  1011 

1101  1101  1101  1101 

1010  1010  1010  1010 

1001  1001  1001  1001 

Now  the  procedure  of  giving  3  x  3  B  matrix  as  input  in  the  second  plane  of  the  system,  described  in  figure  1,  is  a  little 
different. 

First  3  x  3  B  is  transposed. 

'l  0  1 

The  transposed  B  is  1  1  1 

0  1  0 

There  are  also  27  cells  or  pixels  in  B  plane  to  represent  the  B  matrix,  where  each  cell  is  made  of  optical  spatial  light 
modulators  or  optical  shutters. 

Here  1,0,  1,  the  first  row  elements  of  the  transposed  B  matrix  are  given  as  input  respectively  to  the  triggering  channels  of 
the  1st,  2nd  and  3rd  cells  of  the  1st  row,  2nd  row  and  3rd  row  in  the  2nd  plane  respectively: 

The  2nd  row  elements  1,  1,  1  of  the  transposed  B  matrix  will  go  to  the  triggering  channels  of  the  4th,  5th  &  6th  cells 
respectively  in  each  rows  of  in  the  2nd  plane  and  finally  0,  1,0,  the  third  row  elements  of  the  transposed  B  matrix  will  go  as 
inputs  to  the  triggering  channels  of  7th,  8th  and  9th  cells  respectively  in  all  the  rows  of  the  2nd  input  plane  in  figure  1.  Thus 
triggering  channels  in  the  1st,  34d,  4th,  5th,  6th,  8th  cells  of  all  rows  in  the  2nd  plane  will  get  1  and  others  will  receive  0  to 
code  this  input  plane  properly  in  accordance  to  the  elements  of  3  x  3  B  matrix.  In  such  way  any  4  x  4  or  higher  order  matrix 
can  be  represented  in  B  plane  by  proper  coding  of  transparencies. 

Now  in  the  screen,  which  is  also  a  parallel  plane  to  the  1st  &  2nd  input  plane,  we  get  the  result  of  the  matrix  multiplication 
between  A  and  B.  There  are  nine  spots  arrayed  in  3  rows  and  3  columns  in  the  output  plane.  The  1st  spot  in  1st  row  and  1st 
column  of  output  plane  is  connected  by  optical  fibers  with  the  optical  outputs  of  1st,  2nd  and  3rd  cells  in  the  1st  row  of  2nd 
input  plane.  Similarly  2nd  and  3rd  spots  in  the  1st  row  of  the  ftnal  output  plane  is  connected  with  those  of  4th  5th,  6th  and 
7th,  8th,  9th  cells  in  the  2nd  input  plane  respectively.  In  such  way  other  cells  of  the  output  spots  are  connected.  Here  any 
output  spot  is  the  logical  OR  among  respective  three  horizontal  and  consecutive  optical  signals  from  the  2nd  input  plane. 
For  example  spot  2  in  the  2nd  row  and  2nd  column  of  the  output  matrix  gives  the  sum  of  light  outputs  from  the  4th,  5th  and 
6th  cells  in  the  2nd  row  of  the  2nd  input  plane. 

3.  AN  ALTERNATIVE  APPROACH  TO  GET  THE  ACTUAL  RESULT  OF  THE  MATRIX-MATRIX 

MULTIPLICATION 

The  system  described  in  figure  1  holds  the  output  matrix  in  such  a  way  that  each  element  of  the  resultant  matrix  (coming 
from  the  product  of  two  binary  matrices)  is  a  bit,  i.e.,  either  1  or  0.  This  scheme  can  be  modified  to  produce  the  actual  result 
of  the  product  of  the  two  matrices  in  the  output  plane.  If  we  take  an  example  of  two  matrices 

1  0  ll  [110 

1  1  1  and  B  =  0  1  1 

0  1  1J  [l  1  0 

then  their  actual  product  answer  will  be 
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P  =AxB  = 


10  10  00' 
10  11  01 
01  10  01 


To  get  this  result  we  should  take  the  graded  level  variation  of  the  light  intensity  corresponding  each  element  representing 
position  in  the  final  output  plane.  Following  this  principle  if  A  and  B  are  the  two  matrices  as  described  above,  in  the  output 
plane  we  will  get  no  light  (00)  in  the  position  of  1st  row  3rd  element,  near  about  double  intensity  of  light  (10)  in  the  position 
of  1st  row  1st  element  in  comparison  to  the  intensity  (01)  obtained  in  the  position  of  3rd  row  3rd  element.  In  this  modified 
scheme  the  element  of  the  result  is  marked  by  00  for  no  light,  01  for  light  with  some  prefixed  intensity  I0,  10  for  light  with 
the  intensity  near  about  2I0,  1 1  for  light  with  the  intensity  nearabout  3I0  and  so.  To  get  the  actual  result  in  the  output  screen 
by  light  intensity  demarkation  we  need  to  ensure  that  each  light  beam  carries  same  intensity  to  each  cell  in  the  A  plane  and 
the  uniform  loss  character  of  the  media.  The  modified  scheme  is  shown  in  figure  2. 

4.  CONCLUSION 


Here  in  this  scheme  of  matrix  multiplication  if  the  output  elements  are  expressed  by  I  (presence  of  light)  and/or  0  (absence 
of  light  signal).  The  result  of  multiplication  will  be  represented  as 


P  =  A  x  B 


1  0 
1  1 
1  1 


for  the  product  of  the  matrices  taken  in  the  example. 

Otherwise  if  the  elements  of  the  output  (resultant)  matrix  of  the  product  are  represented  by  their  graded  level  intensity 
radiation  we  will  get  the  exact  result  as 


10 

10 

00’ 

10 

11 

01 

01 

10 

01 

in  the  screen  for  the  product  of  the  matrices  used  in  the  example. 


For  multiplication  between  any  two  3  x  3  matrices  the  system  in  fig.  1  can  be  used  satisfactorily.  The  system  can  be 

extended  horizontally  and  vertically  for  uses  of  multiplication  of  4  x  4  or  any  higher  order  matrices.  This  type  of  matrix 

multiplication  will  be  very  much  useful  in  pixel  based  digital  image  processing. 
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ABSTRACT 

One  of  interesting  applications  of  two  dimensional  VCSEL  arrays  is  high  density  optical  data  storage.  We 
proposed  a  micro-metal  aperture  VCSEL  for  producing  optical  near-field.  The  evanescent  wave  emitted  from  a 
small  metal  aperture  formed  on  a  VCSEL  surface  is  irradiated  to  an  optical  disk,  such  as  a  phase  change  optical 
disk.  We  carried  out  a  near-field  analysis  on  the  radiation  from  the  metal  micro  aperture  loaded  on  a  VCSEL 
by  using  2-dimensional  finite  element  method  (FEM),  showing  a  possibility  of  a  spot  size  of  below  100  nm. 
We  can  recycle  the  reflected  wave  from  the  metal  aperture,  when  we  properly  design  the  phase  matching 
between  the  DBR  mirror  and  the  metal.  We  can  expect  an  improvement  in  a  power  conversion  efficiency  of 
radiating  near  field  light  from  the  aperture  by  using  a  "photon  recycling"  effect.  An  expected  efficiency  and 
power  density  are  discussed  for  850  nm  metal  aperture  VCSELs. 

We  have  fabricated  micro-metal  aperture  VCSELs  by  using  focus  ion  beam  etching.  The  size  of  the 
fabricated  apertures  ranges  from  100  nm  and  400  nm.  We  have  realized  sub-mA  low  threshold  metal  aperture 
VCSELs.  The  power  density  is  estimated  to  be  ~6  kW/cm2.  We  will  be  able  to  improve  the  power  density  by 
reducing  the  oxide  aperture  in  the  cavity.  We  also  discuss  on  another  way  to  increase  the  efficiency  and  the 
power  density,  such  as  using  a  surface  plasmon  effect  of  a  small  metal  tip  formed  on  the  surface.  We  will 
discuss  a  possibility  of  optical  near-field  recording  by  using  the  proposed  metal  aperture  VCSEL 

Keywords:  semiconductor  laser,  surface  emitting  lasers,  near  field  optics,  optical  data  storage,  optical  disk 

1.  INTRODUCTION 

An  ultra-high  density  optical  memory  using  near  field  optics  has  been  attracting  much  interest  for  future  Tera  byte 
optical  data  storage1.  Betzig  and  coworkers  demonstrated  an  optical  recording  by  a  near-field  scanning  optical  microscope 
(NSOM)  and  suggested  a  possibility  of  Tera  byte  data  storage2.  One  of  the  authors  (K.  Goto)  proposed  a  Tera  byte  optical 
memory  system  using  a  vertical  cavity  surface  emitting  laser  (VCSEL)  array  3.  The  proposed  optical  disk  system  is  based 
on  an  optical  head  consisting  of  a  2-dimensional  VCSEL  array.  It  is  important  to  realize  a  high-efficiency  VCSEL  for  near 
field  optical  heads  by  reducing  the  total  power  consumption  in  arrays.  We  proposed  a  micro-apertured  VCSEL  for 
producing  optical  near  field  with  high  efficiency  and  carried  out  two-dimensional  finite  element  method  (FEM)  analysis  for 
such  a  device4'5.  A  VCSEL  having  a  GaAs  near-field  probe  was  demonstrated  by  using  a  hybrid  integration  approach6. 
Also,  near-filed  optical  recording  was  demonstrated  using  a  metal  apertured  edge  emitting  laser7 

In  this  paper,  we  carried  out  a  near  field  analysis  of  a  micro-aperture  VCSEL  by  using  2-dimensional  finite  element 
method  (2-D  FEM).  In  addition,  we  fabricated  a  VCSEL  with  a  micro-aperture  on  Au  top  surface  by  using  focus  ion  beam 
etch.  Reasonably  low  threshold  operation  was  achieved  and  the  radiated  power  from  the  micro-aperture  was  measured. 
Prospects  of  micro-metal  apertured  VCSELs  will  be  described. 

2.  METAL  APERTURE  SURFACE  EMITTING  LASERS 

Figure  1  shows  the  schematic  view  of  a  VCSEL  optical  writing  head  with  a  contact  head  technology3, 8.  If  we  confine 
photons  in  a  micro-cavity,  optical  near-field  can  be  efficiently  produced  from  a  sub-wavelength  sized  aperture  formed  in  the 
micro-cavity.  The  evanescent  wave  emitted  from  a  small  metal  aperture  formed  on  a  VCSEL  surface  is  irradiated  to  an 
optical  disk,  such  as  a  phase  change  optical  disk.  The  differential  quantum  efficiency  of  the  present  VCSEL  reaches 
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Emitting  Laser 
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Optical  Disk 
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Fig.  1  (a)  Generation  of  optical  near-field  from  small-aperture d  micro-cavity 
(b)  Optical  recording  by  using  metal-apertured  VCSEL 


95  %,  but  a  single  mode  output  power  has  been  limited  below  5  mW  9.  Thus,  the  optical  power  density  may  not  be  enough 
for  optical  recording.  The  reflected  wave  from  the  metal  surface  can  be  coupled  again  to  the  laser  cavity,  when  we 
properly  design  the  phase  matching  between  the  DBR  mirror  and  the  metal  aperture  shown  in  Fig.  1(b).  Thus,  we  can 
recycle  photons  confined  in  the  micro-cavity.  Figure  2  shows  the  calculated  optical  power  density  from  the  aperture  as  a 
function  of  the  effective  mirror  reflectivity  of  the  composite  mirror.  We  assumed  that  the  lasing  wavelength  is  850  nm, 
the  internal  absorption  loss  is  10  cm'1  and  the  throughput  at  the  micro-aperture  is  -10  dB.  An  increase  in  the  power  density 
can  be  achievable  by  using  the  "photon  recycling"  effect.  A  possibility  of  high  efficient  VCSEL  optical  heads  using  a 
micro-metal  aperture  is  suggested. 
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Fig.  2  Calculated  optical  power  density  of  optical  near-field  at  a  micro-aperture. 
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3.  NEAR  FIELD  ANALYSIS  BY  USING  2-D  FINITE  ELEMENT  METHOD 


Figure  3(a)  shows  a  schematic  structure  of  our  proposed  metal  aperture  VCSEL.  The  surface  of  a  top  emitting 
VCSEL  is  coated  by  a  Au  film  and  the  optical  near  field  radiates  from  a  sub-wavelength  size  micro-aperture  formed  in  this 
Au  film.  The  n-type  GaAlAs/AlAs  distributed  Bragg  reflector  (DBR)  has  typically  36.5  pair,  and  the  p-type  DBR  is 
designed  to  consist  of  1 1  pair,  that  is  about  a  half  of  a  conventional  mirror  design  in  VCSELs.  When  we  design  the  phase 
matching  between  the  top  DBR  mirror  and  the  metal,  the  composite  mirror  of  Au  and  the  top  DBR  gives  us  a  high 
reflectivity.  The  calculated  reflectivity  of  the  Au-film-loaded  11  pair  DBR  without  the  micro-aperture  is  99.3%,  which  is 
comparable  to  that  of  a  22  pair  DBR  without  metal  terminating.  An  oxide  confinement  structure  is  also  used  for  single 
transverse  mode  operation.  The  micro-aperture  is  placed  at  the  center  position  of  the  A1  oxide  aperture.  We  have 
assumed  that  the  wavelength  is  850  nm.  Note  that  the  computed  result  can  be  available  by  scaling  down  the  aperture  with 
reducing  the  wavelength.  This  means  that  the  micro-aperture  can  be  reduced  for  shorter  wavelengths. 
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Fig.  1 .  (a)  Schematic  structure  of  a  VCSEL  with  a  metal  micro  aperture 

(b)  Intensity  distribution  calculated  by  2-D  FEM. 

(thick  Au  film:  50  nm,  micro-aperture  width:  50  nm,  oxide  aperture  width:  3  pm). 

We  calculated  the  intensity  distribution  in  the  part  of  the  VCSEL  surrounded  by  dashed  line  in  Fig.3(a)  by  using  a  2-D 
FEM s.  Figure  3(b)  shows  the  calculated  intensity  distribution  by  2-D  contour  plot 5.  A  thickness  of  Au  film  and  a  width 
of  a  micro-aperture  are  50  nm.  In  this  calculation,  we  have  assumed  that  the  electric  field  is  perpendicular  to  the  sheet. 
We  define  the  electric  field  perpendicular  and  parallel  to  the  sheet  as  TE  and  TM  modes,  respectively.  The  light  is 
confined  laterally  by  a  3  pm  wide  A1  oxide  aperture  and  the  periodic  distribution  in  the  DBR  shows  a  standing  wave.  An 

evanescent  wave  is  produced  in  the  air  through  the  micro  aperture.  Figure  4  shows  the  calculated  intensity  distribution 
across  the  cavity  at  the  center  of  the  aperture  for  various  aperture  widths.  The  near-filed  intensity  decreases  with 
decreasing  the  micro-aperture  width.  A  node  position  near  the  boundaiy  between  GaAs  and  Au  slightly  shifts  to  the  DBR 
side  with  decreasing  the  aperture  width,  because  of  the  effect  of  the  boundary  condition  between  GaAs  and  Au.  The 
attenuation  of  the  intensity  in  the  100  nm  wide  micro-aperture  is  5  dB  in  comparison  with  a  3  pm  wide  aperture.  We 
found  the  attenuation  of  TM  modes  is  smaller  than  that  of  TE  modes,  because  the  boundary  condition  is  different  between 
electric  and  magnetic  fields  in  the  aperture.  Also,  we  found  that  the  attenuation  can  be  reduced  if  we  fill  the  inside  of  the 
micro-aperture  with  a  material  with  high  refractive  index  because  the  wavelength  in  the  aperture  becomes  shorter 
equivalently.  In  case  that  a  filling  material  is  GaAs,  the  attenuation  decreases  to  1 .5  dB  at  a  1 00  nm  wide  aperture. 

Figure  5  shows  the  intensity  profile  of  output  through  a  100  nm  aperture  for  TE  mode  at  the  bound  between  Au  and  air. 
The  spot  size  (FWHM)  is  as  small  as  99  nm  comparable  to  the  aperture  width,  which  is  much  smaller  than  the  wavelength. 
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Figure  6  shows  the  calculated  spot  size  at  the  bound  between  Au  and  air  as  a  function  of  the  aperture  width  for  TE  and  TM 
modes.  Below  50  nm  of  aperture  width  for  TE  modes,  the  spot  size  increases  because  of  penetrating  light  through  the  Au 
film.  On  the  other  hand,  the  spot  size  of  TM  modes  decreases  monotonically.  The  minimum  spot  size  is  about  70  nm  at  a 
30  nm  wide  aperture  for  TM  modes.  Therefore,  the  proposed  VCSEL  structure  can  produce  a  locally  confined  light 
beyond  the  optical  diffraction  limit.  It  is  noted  that  a  VCSEL  with  a  shorter  wavelength  will  be  able  to  make  a  smaller  spot 
size. 

The  transverse  mode  control  is  also  an  important  issue  to  realize  efficient  near-field  radiation,  because  higher-order 
transverse  modes  have  nodes  at  the  position  of  the  micro-aperture.  We  calculated  the  mode  reflectivity  of  the  micro¬ 
aperture  loaded  DBR  for  transverse  modes,  which  are  defined  by  the  3  pm  wide  oxide  aperture.  The  mode  reflectivity  is 
defined  as  the  ratio  of  reflected  light  coupling  to  the  incident  mode,  which  is  defined  in  the  AlAs/Al,Oy  aperture.  Figure  7 
shows  the  calculated  mode  reflectivity  depending  on  the  metal  aperture  width.  A  reflectivity  of  more  than  99%  can  be 
obtained  at  an  aperture  of  less  than  100  nm  for  the  TE  mode.  The  reflectivity  of  the  first  order  mode  becomes  larger  than 
the  fundamental  mode  at  a  metal  aperture  of  larger  than  200  nm  because  the  radiation  from  the  aperture  deteriorates  the 
reflectivity  of  the  fundamental  mode.  We  expect  that  a  fundamental  mode  operation  can  be  maintained  when  the  oxide 
aperture  width  is  reduced  less  than  1  pm  for  stable  transverse  mode  control. 
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Fig.  5  Intensity  profile  of  the  output  through  100  nm 
wide  micro-aperture  for  TE  mode5. 


Fig.  6  The  spot  size  (FWHM)  as  a  function  of  the 
aperture  width  for  TE  and  TM  modes5. 
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Fig.  7  Mode  reflectivity  versus  micro-aperture  width  for  various  transverse  modes. 
N  shows  the  mode  number  in  the  figure5. 
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4.  FABRICATION  AND  CHARACTERIZATION 


We  fabricated  a  Au-film  loaded  VCSEL  prior  to  forming  a  micro-aperture10.  The  active  region  consists  of 
GaAs/GaAlAs  triple  quantum  wells.  The  active  region  (oxide  aperture)  diameter  is  3-4  pm.  The  lasing  wavelength  of 
VCSELs  is  850  nm.  Figure  8  shows  I-L  characteristics  of  VCSELs  with  various  thicknesses  of  Au  film.  Only 
spontaneous  emission  was  observed  for  10-20  nm  thick  Au  film  loaded  devices.  About  30  nm  is  a  critical  thickness  for  a 
laser  oscillation,  but  its  threshold  current  was  high.  A  slope  efficiency  began  to  decrease  because  of  absorption  when  the 
Au  film  thickness  was  more  than  60  nm.  This  reduction  of  slope  efficiency  is  in  agreement  with  calculated  differential 
efficiency  depending  on  the  Au  absorption.  The  Au  film  thicker  than  100  nm  can  block  the  emission  light.  We  obtained 
a  threshold  current  as  low  as  ~700  pA  corresponding  to  3  kA/cm2  of  threshold  current  density.  It  indicates  that  the 

composite  mirror  consisting  of  a  Au  thin  film  and  small  pair  p-DBR  can  give  us  a  high  reflectivity  for  reasonably  low 
threshold  operations. 

To  fabricate  metal  micro-apertures,  we  used  a  focused  ion  beam  (FIB)  etch  with  Ga+  ion  sources.  The  fabricated 
micro-aperture  was  as  small  as  100  nm  on  a  100  nm  thick  Au  film  and  its  image  observed  by  using  atomic  force  microscope 
(AFM)  is  shown  in  Fig.  9.  We  fabricated  and  tested  VCSELs  having  micro-apertures  with  diameters  ranging  from  100  nm 
to  1  pm  on  a  100  nm  thick  Au  film  terminating  semiconductor.  Figure  10  shows  I-L  characteristics  of  a  VCSEL  before 

and  after  forming  a  400  nm  micro-aperture10.  This  sample  has  a  8  pm  oxide  aperture  and  the  threshold  current  is  1.7  mA, 
which  almost  unchanged.  We  measured  the  output  power  using  a  Si  detector  with  10x10  mm2  area  separated  by  3  mm 
from  the  device.  We  assumed  that  the  radiation  from  the  micro-aperture  is  spherical  because  the  sise  of  the  aperture  is 
smaller  than  a  half  of  wavelength.  Thus,  we  estimated  that  50  percent  of  the  total  output  power  radiated  from  the  aperture 
is  detected.  The  output  power  from  the  400  nm  aperture  is  estimated  to  be  1 0  pW  at  5  mA. 


Fig.  8  I-L  characteristics  of  Au  film  loaded 
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VCSEL  before  fabricating  amicro-aperture10.  Fig.  9  Schematic  structure  of  metal  micro-aperture  VCSEL10. 


Figure  11  shows  the  intensity  profile  of  near  field  patterns  below  the  threshold  for  various  aperture  sizes  between  100 
nm  and  1  pm10.  We  measured  these  patterns  by  using  a  conventional  optical  microscope  with  a  spatial  resolution  of  about 
1  pm.  A  broad  emission  with  full  width  at  half  maximum  (FWHM)  of  7  pm  is  originated  from  light  through  the  Au  film. 
The  peak  shown  on  the  center  of  emission  light  is  attributed  to  the  radiation  from  the  aperture.  Its  FWHM  is  about  1  pm 
which  is  equal  to  the  diffraction  limit  of  the  optical  microscope  we  used  in  this  measurement.  It  is  also  considered  that  the 
peak  intensity  may  have  been  reduced  by  the  diffraction-limited  resolution.  Thus,  the  real  peak  intensity  should  be  much 
higher  than  that  of  the  background  light  through  the  Au  film.  The  output  power  density  of  a  400  nm-aperture  VCSEL  at  a 
bias  current  of  5  mA  is  estimated  to  be  0.06  mW/pm2 ,  which  is  calculated  from  the  differential  power  in  Fig.  10  and  the 
aperture  size. 
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Fig.  10.  I-L  characteristics  of  a  VCSEL  with 
and  without  a  400  nm  aperture.  The  Au  thickness 
is  100  nmi0. 
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Fig.  11.  Near  field  patterns  of  a  VCSEL 
with  various  metal  aperture  sizes  measured 
by  a  conventional  microscope  with  a  spatial 
resolution  of  1  pm10. 


The  estimated  power  level  may  be  insufficient  for  optical  recording  in  disk  memories.  The  power  density  in  the  present 
device  is  partly  limited  by  its  large  oxide  aperture  (~8  pm).  One  way  to  increase  the  power  density  is  to  reduce  the  oxide 

aperture  in  the  cavity.  For  example,  if  lxl  pm  small  oxide  apertures  are  used,  the  power  density  may  be  increased  by  a 
factor  of  more  than  50.  Also,  the  problem  is  that  higher-order  transverse  modes  appear  above  the  threshold,  which  was 
observed  in  experimental  devices.  Higher  order  modes  should  significantly  decrease  the  power  density  because  these 
modes  have  nodes  at  the  position  of  the  micro-aperture.  We  have  to  realize  a  single  mode  operation  for  increasing  the 
power  density  at  the  micro -aperture.  Another  possible  way  to  increase  the  power  density  is  to  use  surface  plasmons11, 
enhancing  optical  near  field  by  putting  a  metal  tip  in  the  micro-aperture  as  shown  in  Fig.  12. 


Fig.  12  Enhancement  of  optical  near-field  by  using  localized  surface  plasmon. 
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5.  CONCLUSION 


The  modeling  and  experiment  on  micro-metal  aperture  VCSELs  were  presented.  The  photon  recycling  effect  is  helpful 
for  increasing  the  device  efficiency.  The  same  concept  may  be  useful  for  realizing  a  VCSEL  reading  optical  head  by 
integrating  a  photo-detector  in  the  laser  cavity.  We  presented  the  near  field  analysis  of  this  novel  VCSEL,  which  shows  a 
possibility  of  producing  a  narrow  spot  of  100  nm  beyond  diffraction  limit.  Also,  we  fabricated  a  VCSEL  with  a  metal 
micro-aperture.  The  metal  and  semiconductor  DBR  composite  mirror  provides  a  reflectivity  of  more  than  99%,  which 
resulted  in  a  reasonably  low  threshold  current  density  of  3  kA/cm2  in  fabricated  devices.  We  fabricated  a  micro-aperture  as 
small  as  100  nm  by  FIB.  We  evaluated  the  output  power  radiated  from  the  micro-aperture  and  discussed  on  the  method  for 
obtaining  higher  intensity.  Further  study  may  open  up  a  new  function  of  2-D  VCSEL  arrays  for  use  in  high  capacity  data 
storage. 
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Diffraction  property  of  Volume  grating  in  CeiKNSBN 
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ABSTRACT 

The  diffraction  efficiency  of  volume  grating  written  by  two-wave  mixing  in  Ce:KNSBN  photorefractive  crystal  as  a 
function  of  the  writing  beam  ratio  for  different  polarized  reading  beam  is  experimentally  studied.  It  is  found  that,  the 
polarization  and  the  incident  direction  of  the  reading  beam  strongly  affect  the  diffraction  efficiency.  In  the  selected  direction, 
the  extraordinarily  polarized  reading  beam  obtains  enhanced  diffraction  and  achieves  nearly  fifteen  times  larger  diffraction 
efficiency  than  the  ordinarily  polarized  reading  beam.  The  modified  coupled-wave  theory  is  used  to  fit  the  experimental  data 
and  the  fitting  results  are  coincident  with  the  experimental  results.  We  also  theoretically  examined  the  relation  between  the 
diffraction  efficiency  and  the  amplitude  coupling  constant  k  of  the  reading  beam  and  its  diffracted  beam.  As  k  <6cm'',  the 
diffraction  efficiency  has  single  maximum  and  the  maximum  diffraction  efficiency  increases  as  k  increases.  As  k  >6cm'', 
the  diffraction  efficiency  curves  exhibit  two  peaks.  But  the  central  position  of  the  curves  does  not  change  with  the  variation 
of  K. 

Key  word:  Photofractivity,  diffraction  efficiency,  volume  grating,  energy  transfer, 


1.  INTRODUCTION 

Since  the  discovery  of  the  photorefractive  effect,  photorefractive  materials  have  been  regarded  as  the  promising  candidates 
for  holographic  storage  and  optical  image  processing  applications.1-4  Potassium  sodium  strontium  barium  niobate 
(KNSBN)  crystals  have  received  considerable  attention  because  they  are  easy  to  prepare  and  have  large  photorefractive  (PR) 
nonlinearities  as  well  as  suitable  sensitive  spectrum  range.5' 6  In  addition,  they  have  low  degrees  of  lattice  occupancies,  PR 
species  and  hence  PR  responses  can  be  controlled  by  introduction  of  dopants  into  their  lattice  sites.7, 8  So  far,  two-beam 
coupling  measurement  and  self-pumped  phase  conjugation  for  KNSBN  crystals  have  been  investigated.9'13  Recently  the 
superior  real-time  holographic  storage  performance  in  Co:KNSBN  has  also  been  demonstrated.14 

In  the  holographic  applications,  the  diffraction  behavior  is  the  first  important  matter  characterizing  the  performance  merits 
of  the  PR  crystal.  But  until  now,  the  relation  between  the  diffraction  efficiency  and  the  polarization  of  the  reading  beam  for 
the  volume  grating  in  Ce: KNSBN  crystal  has  not  been  reported  yet.  In  this  research,  we  experimentally  studied  the 
diffraction  efficiency  of  the  volume  gratings  in  Ce:KNSBN  versus  the  writing  beam  intensity  ratio  for  different  polarized 
reading  beam.  It  is  found  that  the  diffraction  efficiency  strongly  depends  on  the  reading  beam  polarization  and  the  readout 
direction.  In  the  selected  direction,  the  extraordinarily  polarized  reading  beam  obtains  enhanced  diffraction  and  achieves 
nearly  fifteen  times  larger  diffraction  efficiency  than  the  ordinarily  polarized  reading  beam.  Then  we  used  the  modified 
coupled-wave  theory  to  fit  our  experimental  data,  and  obtained  satisfactory  results.  Finally  we  theoretically  examined  the 
relation  between  the  diffraction  efficiency  and  the  amplitude  coupling  constant  k  of  the  reading  beam  and  its  diffracted 
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beam.  As  Ar<6cm‘,  the  diffraction  efficiency  has  single  maximum  and  the  maximum  diffraction  efficiency  increases  as  the 
k  increases.  As  xr>6cm‘\  the  diffraction  efficiency  curves  exhibit  two  peaks.  But  the  central  position  of  the  curves  does  not 
change  with  the  variation  of  k. 


2.  EXPERIMENTS 

Experimental  arrangement  is  shown  in  Fig.  1.  The  beam  splitter  BS  split  the  Ar+  514.5nm  laser  beam  into  two  beams  of 
equal  intensity.  One  beam,  passing  through  the  reflector  Ml,  the  half  wave  plate  HWP1  and  the  polarizer  PI,  incidents  on 
the  crystal  as  the  writing  beam  IP.  The  other  beam,  passing  through  the  reflector  M2,  the  half  wave  plate  HWP2  and  the 
polarizer  P2,  incidents  on  the  crystal  as  the  writing  beam  Is.  The  bisector  of  IP  and  Is  is  normal  to  the  c-axis  of  the  crystal. 
The  polarization  and  the  intensity  of  IP  and  Is  can  be  adjusted  by  the  half  wave  plates  and  the  polarizers.  At  the  other  side  of 
the  crystal,  the  He-Ne  632.8nm  laser  beam,  passing  through  the  half  wave  plate  HWP3  and  the  polarizer  P3,  incidents  on  the 
crystal  with  Brag  diffraction  angle  <9  as  the  reading  beam  IR.  The  intensity  and  the  polarization  of  1R  are  also  adjusted  by  the 
half  wave  plate  and  the  polarizer.  The  diffracted  beam  ID  is  captured  by  the  detector.  To  satisfy  with  the  weak  readout  beam 
condition  and  to  eliminate  the  eration  effect  of  the  reading  beam  on  the  recorded  grating,  we  kept  /5+/F>80mW/cm2  and 
lR~-20|iW/cnr.  We  carefully  expended  the  writing  and  reading  beams  to  reduce  the  error  caused  by  not  overlapping  of  the 
beams.  The  experiments  were  carried  out  on  a  sample  of  Ce:KNSBN  crystal  of  dimensions  5x5x5.5  mm3  obtained  from 
Shandong  University,  China. 


Ce.KNSBN 


Fig.l.  Scheme  of  experimental  setup 


Firstly  we  examine  the  relation  between  the  diffraction  efficiency  and  the  writing  beam  ratio  for  the  grating  written  by 
extraordinarily  polarized  beams.  The  experimental  data  are  shown  in  Fig.  2  with  small  circles.  (The  solid  curves  are 
theoretically  fitting  results  of  Eq.5  in  section  3.).  Fig.  2(a)  is  for  the  case  that  the  reading  beam  is  of  extraordinary 
polarization.  It  can  be  seen  that  the  diffraction  efficiency  r)e  increases  monotonically  from  9%  as  the  beam  ratio  increases 
from  (3=0.003.  As  the  beam  ratio  increases  to  (3=0.11,  the  diffraction  efficiency  reaches  its  maximum  value  of  28%.  Then 
the  diffraction  efficiency  decreases  monotonically  as  the  beam  ratio  increases.  As  the  beam  ratio  increases  to  (3=1,  the 
diffraction  efficiency  decreases  to  19%.  As  the  beam  ratio  increases  to  P=50,  the  diffraction  efficiency  falls  to  3%.  Fig.2  (b) 
is  for  the  case  that  the  reading  beam  is  of  ordinary  polarization.  It  can  be  seen  that  the  diffraction  efficiency  t|0  increases 
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Beam  ratio  p  Beam  ratio  (3 


(a)  for  the  extraordinarily  polarized  reading  beam  (b)  for  the  ordinarily  polarized  reading  beam 

(o:  experimental  data  of  rjc;  theoretical  fitting  curve).  (•:  experimental  data  of  r|0;  theoretical  fitting  curve). 

Fig.  2.  Diffraction  efficiency  rj  as  a  function  of  the  beam  ratio  (3  for  the  grating  writing  by  extraordinarily  polarized  beams. 


Beam  ratio  p  Beam  ratio  P 


(a)  for  the  extraordinarily  polarized  reading  beam  (b)  for  the  ordinarily  polarized  reading  beam 

(o:  experimental  data  of  r\c ;  theoretical  fitting  curve).  (•:  experimental  data  of  r|0;  theoretical  fitting  curve). 

Fig.3.  Diffraction  efficiency  r|  as  a  function  of  the  beam  ratio  p  for  the  grating  writing  by  ordinarily  polarized  beams. 

monotonically  from  0.4%  as  the  beam  ratio  increases  from  p=0.003.  As  the  beam  ratio  increases  to  p=0.11,  the  diffraction 
efficiency  reaches  its  maximum  value  of  1.8%.  Then  the  diffraction  efficiency  decreases  monotonically  as  the  beam  ratio 
increases.  As  the  beam  ratio  increases  to  p=l,  the  diffraction  efficiency  decreases  to  0.9%.  As  the  beam  ratio  increases 
top=50,  the  diffraction  efficiency  falls  to  r|0  =0.12%.  It  can  also  be  seen  in  a  comparison  of  Fig.  2(a)  and  Fig.  2(b)  that  the 
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maximum  r]e  is  about  fifteen  times  larger  than  the  maximum  1%,  but  q0  and  r\t  both  reach  the  maximum  value  at  writing 
beam  ratio  (3=0.11. 

Secondly  we  examine  the  relation  between  the  diffraction  efficiency  and  the  writing  beam  ratio  for  the  grating  written  by 
ordinarily  polarized  beams.  The  experimental  data  are  shown  in  Fig.  3  with  small  circles.  (The  solid  curves  are  theoretically 
fitting  results  of  Eq.5.).  Fig.  3(a)  is  for  the  case  that  the  reading  beam  is  of  extraordinary  polarization.  It  can  be  seen  that  the 
diffraction  efficiency  rje  increases  monotonically  from  1.9%  as  the  beam  ratio  increases  from  (3=0.003.  As  the  beam  ratio 
increases  to  P=0.67,  the  diffraction  efficiency  reaches  its  maximum  value  of  41%.  Then  the  diffraction  efficiency  decreases 
monotonically  as  the  beam  ratio  increases.  As  the  beam  ratio  increases  to  P=l,  the  diffraction  efficiency  decreases  to  31%. 
As  the  beam  ratio  increases  to  P=50,  the  diffraction  efficiency  falls  to  qe=3.8%.  Fig.  3(b)  is  for  the  case  that  the  reading 
beam  is  of  ordinary  polarization.  It  can  be  seen  that  the  diffraction  efficiency  r|0  increases  monotonically  from  0.36%  as  the 
beam  ratio  increases  from  p=0.003.  As  the  beam  ratio  increases  to  p=0.67,  the  diffraction  efficiency  reaches  its  maximum 
value  of  6.1%.  Then  the  diffraction  efficiency  decreases  monotonically  as  the  beam  ratio  increases.  As  the  beam  ratio 
increases  to  p=l,  the  diffraction  efficiency  decreases  to  5%.  As  the  beam  ratio  increases  to  p=50,  the  diffraction  efficiency 
falls  to  rj0  =0.25%.  The  maximum  r|e  is  nearly  seven  times  larger  than  the  maximum  r|0,  but  r\0  and  r|e  both  reach  the 
maximum  value  at  P=0.67. 

So  no  matter  how  the  writing  beam  polarization  are,  the  diffraction  efficiency  for  the  extraordinarily  polarized  reading  beam 
is  much  larger  than  that  for  the  ordinarily  polarized  reading  beam.  This  enhancement  is  caused  by  the  energy  transfer 
between  the  reading  beam  and  the  diffracted  beam.  In  the  selected  direction,  extraordinarily  polarized  reading  beam  has 
much  more  energy  transfer  to  the  diffraction  beam. 


(a) 


(b) 


Fig.4.  Different  readout  geometry 


We  experimentally  verified  it  with  the  gratings  written  by  the  ordinary  polarization  beams.  Firstly,  we  use  extraordinarily 
polarized  beam  to  read  out  the  grating  according  to  the  geometry  shown  in  Fig.  4(a)  at  p=0.67.  The  measured  diffraction 
efficiency  is  equal  to  3%.  Then  we  change  to  the  reading  geometry  shown  in  Fig.  4(b).  The  diffraction  efficiency  equal  to 
41%,  which  is  enhanced  nearly  fifteen  times  and  is  coincident  with  our  assumption.  Secondly,  we  use  ordinarily  polarized 
beam  to  read  out  the  grating  according  to  the  geometry  shown  in  Fig.  4(a)  at  p=0.67.  The  diffraction  efficiency  is  equal  to 
5%.  Then  we  change  to  the  reading  geometry  shown  in  Fig.  4(b).  The  diffraction  efficiency  is  equal  to  6.1%,  which  only 
increases  slightly.  This  indicates  a  weak  coupling  effect  between  the  reading  and  the  diffracted  beam  with  ordinary 
polarization. 
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3.  THEORETICAL  ANALYSIS 


The  diffraction  efficiency  of  a  volume  grating  with  uniform  index  modulation  is  described  by  the  Kogelnik  formula15 , 

7]  =  sin 2  {kAhL  /  X  cos  9)  (1) 

where  An  is  the  index  modulation  amplitude,  L  is  the  thickness  of  the  grating,  9  is  the  Bragg  angle  for  the  reading  beam,  and 
X  is  the  reading  beam  wavelength.  However,  the  photoreffactive  grating  is  no  longer  uniform  due  to  the  coupling  between 
the  writing  beams.  Hence  formula  (1)  should  be  modified.  After  considering  the  coupling  effect  of  the  writing  beams,  and 
assuming  that  the  reading  beam  is  satisfied  with  the  weak  readout  condition,  Yue  et  al  and  Hong  et  al  respectively 
introduced  the  modified  couple-wave  theory  to  describe  the  diffraction  efficiency  of  photoreffactive  gratings  in  SBN  and 
BaTi03. 16,17 

By  following  standard  methods  for  steady-state  coupled-wave  problems,  using  the  slowly  varying  approximation  for  the 
amplitudes  of  the  reading  beam  AR  and  the  diffracted  beam  AD,  and  assuming  that  the  reading  beam  is  satisfied  with  the 
Bragg  condition,  we  can  obtain  the  coupled-wave  equations, 


dz 

dAD 

dz 


.  .—a—A  -l7r—x _ =*■ _ A 

2 cos ^ 


2  cos  9  X  cos  9 


(2) 


where  a  is  the  absorption  constant  at  the  reading  wavelength,  T  is  the  coupling  coefficient,  (3 -Isllp  is  the  writing  beam 
intensity  ratio,  Ans  is  the  saturation  index  modulation  amplitude.  By  defining  new  variables, 


Bt  (z)  =  At  (z)  exp[  -  Z  "■■]  i  =  R,D 
2  cos  9 

2  _i  FzJb 

2’  = -tan  '[exp(— ^-)] 


we  can  obtain  a  pair  of  easily  solvable  equations, 


(3) 


(4) 


where  k  =  n An JX cos#  is  the  amplitude  coupling  constant  for  IR  and  ID  Combining  the  boundary  conditions  AR(0)=A0  and 
/lz)(0)=0  with  Eq.  (4),  we  can  derive  the  diffraction  efficiency 

77  =  exp{ — ——}  x  sin 2  [tan-1  (erL/2  J]i)  -  tan-1  (yffi )]}  (5) 

cos  9  r 

If  knowing  the  parameters  of  a,  L,  9,  k  and  T,  we  can  use  Eq.(5)  to  fit  the  variation  of  the  diffraction  efficiency  as  the 
writing  beam  ratio. 
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We  used  Eq.  (5)  to  fit  our  experimental  data  in  Fig.  2  and  Fig.  3.  In  the  fitting,  6  =10.6°  and  Z,=0.55cm.  a  was 
experimentally  measured  to  be  0.23cm’1,  k  and  T  were  regarded  as  fitting  variables.  The  theoretical  fitting  results  are 
plotted  by  the  solid  curves  in  the  figures.  It  can  be  seen  that  the  theoretical  results  are  coincident  with  the  experimental  data 
very  well.  In  the  fitting,  we  obtained  the  value  of  the  fitting  variables  k  and  T.  In  Fig.  2,  for  the  extraordinarily  polarized 
reading  beam,  Kr=2.&cnYl  and  r=8.3cm_1;  for  the  ordinarily  polarized  reading  beams,  x=0.6cm"1  and  F=8.3cm'1.  In  Fig.  3, 
for  the  extraordinarily  polarized  reading  beam,  x=2.8cm_1  and  r=2.4cm_1;  for  the  ordinarily  polarized  reading  beams, 
x=0.8cm_1  and  r=2.4cm*1.  So  T  value  depends  on  the  polarization  of  the  writing  beams.  To  verify  the  fitting  results,  we 
measured  the  actual  value  of  T  by  two-wave-coupling  method.18  The  measured  values  are  r=8.1cm" 1  for  the  extraordinarily 
polarized  writing  beam  and  r=2.3cnf 1  for  the  ordinarily  polarized  writing  beam.  They  are  in  good  agreement  with  the 
theoretical  fitting  values. 

It  also  can  be  seen  from  above  fitting  results  that  the  parameter  k  strongly  depends  on  the  reading  beam  polarization  and  is 
independent  of  the  writing  beam  polarization.  As  the  reading  beam  is  extraordinarily  polarized,  the  parameter  k  for  two 
writing  beam  polarizations  both  are  2.8cm !.  As  the  reading  beam  is  ordinarily  polarized,  k  for  the  gratings  written  by 
extraordinarily  polarized  reading  beams  (0.6cm’1)  is  nearly  equal  to  that  for  the  gratings  written  by  ordinarily  polarized  reading 
beams  (0.8cm-1).  The  parameter  k  for  the  extraordinarily  polarized  reading  beam  is  almost  five  times  that  for  the  ordinarily 
polarized  reading  beam.  This  indicates  that  there  is  much  more  energy  transferring  from  the  reading  beam  to  its  diffraction 
beam  for  the  case  that  the  reading  beam  is  with  extraordinary  polarization. 


Beam  ratio  P 

(a)  for  the  grating  writing  by  extraordinarily  polarized  beam. 


0.001 


0.01 


10 


0.1  1 
Beam  ratio  p 

(b)  for  the  grating  writing  by  ordinarily  polarized  beam. 
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Fig.  5  Diffraction  efficiency  r\  as  a  function  of  the  beam  ratio  P  for  different  k. 


We  also  theoretically  calculated  the  diffraction  efficiency  for  different  parameter  k \  The  results  are  plotted  in  Fig.  5,  which 
shows  that,  as  k  <6cm the  diffraction  efficiency  has  single  maximum  and  the  maximum  diffraction  efficiency  increases  as 
the  a:  increase.  As  *r>6cm-1,  the  diffraction  efficiency  curves  exhibit  two  peaks.  The  central  position  of  the  curves  does  not 
change  with  the  variation  of  k.  However,  the  central  position  of  the  curves  for  the  gratings  written  by  extraordinarily  polarized 
beams  is  different  from  that  for  the  gratings  written  by  ordinarily  polarized  beams.  For  the  gratings  written  by  extraordinarily 
polarized  beams,  the  central  position  of  the  diffraction  efficiency  curves  is  at  P=0.11.  For  the  gratings  written  by  ordinarily 
polarized  beams,  it  is  at  P=0.67.  The  former  has  an  obvious  “  left  shift  ”  with  respect  to  the  latter.  This  implies  a  much  more 
intensive  beam  coupling  occurs  between  the  extraordinarily  polarized  writing  beams. 
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4.  CONCLUSIONS 


We  studied  the  variation  of  the  diffraction  efficiency  of  the  volume  grating  in  Ce:KNSBN  photorefractive  crystal  as  a 
function  of  writing  beam  ratio.  It  is  found  that  due  to  the  energy  transfer  effect  between  the  reading  beam  and  the  diffracted 
beam,  the  diffraction  efficiency  behavior  strongly  depends  on  the  reading  beam  polarization  and  the  readout  direction.  In  the 
selected  direction,  the  diffraction  efficiency  for  extraordinarily  polarized  reading  beam  obtains  enhancement  and  can  be 
fifteen  times  larger  than  that  for  the  ordinarily  polarized  reading  beam.  Modified  coupled-wave  theory  is  used  to  fit  the 
experimental  data.  The  fitting  is  quite  satisfied,  and  the  fitting  variables  are  experimentally  verified  to  be  correct.  We  also 
theoretically  calculated  the  diffraction  efficiency  versus  the  parameter  k  for  different  gratings.  As  k  <6cm_1,  the  diffraction 
efficiency  has  single  maximum  and  the  maximum  diffraction  efficiency  increases  as  the  k  increases.  As  k  >6cm'1,  the 
diffraction  efficiency  curves  exhibit  two  peaks.  The  central  position  of  the  curves  does  not  change  with  the  variation  of  k. 
But  the  central  position  of  the  curves  for  the  gratings  written  by  extraordinarily  polarized  beams  has  an  obvious  “  left  shift  ” 
with  respect  to  that  for  the  gratings  written  by  ordinarily  polarized  beams.  This  implies  a  much  more  intensive  beam 
coupling  occurs  between  the  extraordinarily  polarized  writing  beams.  Our  results  present  fundamental  dada  for  the 
applications  of  Ce:KNSBN  crystal  in  holographic  recording  and  optical  information  processing. 
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ABSTRACT 

The  characteristic  of  embossed  information  is  very  important  for  magneto  optical  disk,  which  is  used  by  the  magneto 
optical  driver  to  control  the  axial  focusing  and  radial  tracking  servos  on  the  information  tracks  and  to  search  the  sectors.  It 
must  be  tested  in  the  process  of  development  and  production  of  magneto  optical  disk.  The  characteristics  of  4X-density 
magneto  optical  disk’s  embossed  information  are  described  in  this  thesis;  the  test  method  of  the  header  signal  and  groove 
signal  is  discussed  based  on  the  international  standard  test  condition.  A  test  system  has  been  designed  which  can  measure 
the  characteristics  of  embossed  information  of  magneto  optical  disk,  and  a  sample  disk’s  test  result  is  given  in  the  end. 

Keywords:  Magneto  optical  disk,  characteristics  of  embossed  information,  test  system,  data  sampling. 

L  INTRODUCTION 

The  technology  of  magneto-optic  memory  is  a  main  branch  of  the  computer  data  storage  technology.  Combined  the 
advantage  of  the  floppy’s  rewritable  ability  and  the  optical  disk’s  large  capacity,  magneto  disk  is  suitable  for  the  application 
which  need  large  capacity  medium  for  data  backup.  The  characteristic  of  embossed  information  is  a  very  important 
parameter  for  magneto  optical  disk,  which  is  used  by  the  magneto  optical  driver  to  control  the  axial  focusing  and  radial 
tracking  servos  on  the  information  tracks  and  to  search  the  sectors.  The  test  system  we  developed  in  this  thesis  can  be  used 
to  measure  the  embossed  Information’s  characteristics  of  4x-density  magneto  optical  disk. 

The  characteristics  of  4X-density  magneto  optical  disk’s  embossed  information  are  described  in  this  paper,  the  test 
method  of  the  header  signal  and  groove  signal  is  discussed  based  on  the  international  standard  test  condition,  and  the  test 
system’s  makeup  and  key  technology  are  introduced.  The  test  system  is  made  up  of  a  PC,  a  magneto  optical  disk  driver  and 
a  data  sampling  card.  The  PC  is  used  to  control  the  system  working  flow,  process  data  and  display  result.  The  magneto 
optical  disk  driver  creates  the  signal  we  need  to  detect.  The  data  sampling  card  processes  and  converts  the  signal  and  sends 
data  to  the  PC. 


2.  EMBOSSED  INFORMATION  ANALYZING 

The  embossed  information  is  the  mark  pre-stamped  on  the  disk  surface  when  producing,  which  include  the  pre-fluting 
spiral  groove  and  the  preformatted  sector  mark  in  the  groove.  The  former  is  called  groove  signal  used  in  the  focusing  and 
tracking  servo  for  the  magneto  optical  disk  driver,  and  the  later  is  called  header  signal.  The  sector’s  preformatted  mark  is 
similar  to  the  floppy  disk’s  sector  mark,  but  it  is  finished  when  the  disk  is  produced,  not  need  user’s  formatting  or 
reformatting,  it  is  the  real  “hard”  formatting. 

The  test  items  of  magneto  optical  disk’s  embossed  information  include  the  header  signal  and  groove  signal.  The  test 
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condition  and  method  must  meet  the  requirement  of  the  international  standard  ISO/IEC  DIS  15041:1996,  and  the  test 
system’s  optical  system  must  have  the  identical  performance  with  the  reference  driver.  The  reference  driver’s  optical  system 
is  shown  in  Fig.  1. 
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Fig.  1.  Optical  system  of  the  Reference  Driver 

In  the  absence  of  polarization  changes  in  the  disk,  the  polarizing  beam  splitter  J  shall  be  aligned  to  make  the  signal  of 
detector  K1  equal  to  that  of  detector  K2.  Hie  direction  of  polarization  in  this  case  is  called  the  neutral  direction.  Two  read 
channels  are  provided  to  generate  signals  from  the  marks  in  the  recording  layer,  the  output  of  Channel  l  is  the  sum  ol  the 
currents  through  photodiodes  K1  and  K2,  which  is  used  for  reading  embossed  marks,  using  the  diffraction  of  the  optical 
beam  by  the  marks.  The  output  of  Channel  2  is  the  difference  between  photodiode  currents,  which  is  used  for  reading  user- 
written  marks  with  the  magneto-optical  effect,  using  the  rotation  of  the  polarization  of  the  optical  beam  due  to  the  magneto¬ 
optical  effect  of  the  marks. 

The  Tracking  channel  of  the  driver  provides  the  tracking  error  signals  to  control  the  servos  for  the  axial  and  radial 
tracking  of  the  optical  beam,  the  radial  tracking  error  is  generated  by  a  split  photodiode  detector  K3  in  the  tracking  channel. 


2.1  Header  signal  measuring 

The  header  signal  obtained  from  the  embossed  marks  in  the  recording  layer  is  defined  as  the  peak-to-peak  value  of  the 
modulation  of  the  signal  in  Channel  1  caused  by  the  mark  when  the  beam  follows  a  recorded  track.  Fig.  2  shows  the  signal 
from  sector  headers  in  Channel  1. 


360 


SM _ |  |  VFO  |  |  AM,  ID,  PA 


Fig.2.  Signals  from  Headers  in  Channel  1 

The  Header  signals  include  the  signals  from  the  marks  in  the  Sector  Mark  (SM),  WO  field,  Address  Mark  (AM),  ID 
field  and  Postamble  (PA)  field.  For  SM,  measuring  I m  / 1 OL  ,  for  WO,  measuring  / Iol  and  lwo  / 1 pms}l  ■  for 

AM  and  ID,  measuring  I  pIIOL  and  I  pmm  / I  pmdx  . 

2.2  Groove  signal  measuring 

Groove  signal  include  cross-track  signal,  cross-track  minimum  signal  and  push-pull  signal.  The  cross-track  signal  is 
the  sinusoidal  sum  signal  from  Channel  1  in  the  Read  Channel,  when  the  focus  of  the  optical  beam  crosses  the  tracks,  and  it 
can  be  used  by  the  driver  to  locate  the  center  of  the  track.  The  push-pull  signal  is  the  sinusoidal  difference  signal  from  the 
tracking  channel,  when  the  focus  of  the  optical  beam  crosses  the  tracks,  and  it  can  be  used  by  the  driver  for  radial  tracking, 
Fig.  3  and  Fig.  4  show  the  signals  from  Channel  1  and  tracking  channel  when  the  beam  crosses  the  track.  For  cross-track 
signal,  measuring  ( Iol  - l'OG )/ I0i  >  for  cross-track  minimum  signal,  measuring  (7:  +  72)min  /(7j  +72)OL  .  for  push- 

pull  signal,  measuring  (/,  - 12 )  PP  KJ\  +  h  )ol  ■ 


Grooved  areas  Areas  containing 


Fig.  3.  Signals  from  grooves  in  Channel  1 
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3.  TEST  SYSTEM  IMPLEMENT 


3.1  The  structure  of  the  test  system 

The  test  system  for  the  embossed  characteristic  of  4X-density  magneto  optical  disk  is  made  up  of  two  parts  -  host 
computer  and  slave  machine.  The  former  is  made  up  of  a  586  personal  computer  and  the  test  control  software,  the  later  is 
made  up  of  a  magneto  optical  disk  drive  platform  and  the  data  sampling  system.  The  host  computer  communicate  wilh  the 
slave  machine  through  a  RS232  cable  and  a  SCSI  cable,  Fig.  5  shows  the  schematic  diagram  of  the  test  system. 


Signal  from 


Fig.5.  Test  system’s  schematic  diagram 

When  test  system  starts  testing,  the  magneto  optical  disk  driver  drives  the  optical  header  to  seek  track  or  to  cross  track 
under  the  control  of  the  host  computer.  Signals  of  Channel  1  and  tracking  Channel  obtained  from  the  driver  platform  are 
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transmitted  to  the  sampling  system,  the  prepositive  process  module  finishes  the  signal’s  precise  magnification,  filtering  and 
peak-to-peak  sampling.  The  A/D  converter  transforms  the  signal  to  digital  form  and  sent  to  the  SRAM  to  store,  waiting  the 
host  computer  to  read. 

Timing  and  control  logic  unit  finishes  creating  the  sampling  system’s  complex  control  timing  and  control  signal. 
Because  the  signal  to  be  tested  is  high  speed  and  non-repeating,  it  must  to  be  sampled  in  real  time.  The  timing  and  control 
logic  signal  is  so  complex  that  if  the  timing  and  control  module  were  realized  by  normal  digital  IC,  it  would  need  too  many 
chips,  and  cause  high  power  consumption,  low  reliability.  This  test  system  adopts  a  programmable  logic  device  (PLD) 
ispLSI1024  to  realize  the  required  logic.  The  device  has  in-system  programmable  function,  and  it  is  veiy  suitable  for  the 
system’s  design  and  debugging.  The  input  of  the  timing  and  control  logic  unit  includes  the  bit  synchronization  signals, 
sector  mark  index  signal  and  the  control  signals  from  the  microprocessor,  the  output  includes  sampling  pulse,  discharge 
pulse  of  peak-to-peak  sampling,  channel  preset  signal,  and  the  address  bus  signal. 

The  microprocessor  receives  the  instructions  from  the  host  computer  and  controls  the  timing  and  control  logic  umt,  at 
the  same  time  transports  the  sampling  data  stored  in  the  memoiy  to  host  computer  for  processing. 

The  control  software  of  the  host  computer  drives  the  magneto  optical  platform  through  a  SCSI  cable,  communicates 
with  the  sampling  system  through  a  RS232  serial  cable,  sends  out  control  instruments  to  sampling  system  and  receives  the 
sampling  data  from  sampling  system,  and  display  the  measuring  result  after  data  processing. 

Prepositive  process  module  includes  amplification,  filter,  A/D  converter,  peak-to-peak  value  detector,  and  sector  mark 
filter  module.  Fig.6  shows  the  prepositive  process  module’s  block  diagram. 


Fig.6.  Prepositive  process  module’s  block  diagram 

The  test  system’s  inputs  include  the  Channel  1  or  tracking  channel  signals  from  the  magneto  optical  driver.  When  the 
beam  passes  sector  header  areas,  the  output  is  the  embossed  signal  of  the  sector  mark.  When  the  beam  passes  grooved  areas 
without  embossed  recording  Fields  (see  Fig.3),  the  output  is  iOL  .  When  the  beam  crosses  the  track,  the  output  is  the  cross- 

track  signal,  so  the  output  of  the  Channel  1  has  different  meaning  under  different  condition. 

For  the  three  signals  above,  the  task  of  the  prepositive  process  module  is  not  all  same.  Different  input  signal  is 
processed  by  different  channel  of  the  module,  the  channel  select  is  controlled  by  the  two  control  signals  (SEL1  and  SEL2) 
of  the  PLD. 

The  input  signal  is  amplified  and  filtered  before  entering  different  process  channel.  The  output  of  Channel  1  is  a  pair  of 
difference  signal,  it’s  peak-to-peak  amplitude  is  about  500mv,  but  the  input  arrange  of  A/D  converter  used  in  the  module  is 
0~2.5v,  so  die  amplify  multiple  is  set  to  4.  The  filter’s  design  must  meet  the  input  signal’s  frequency  band,  the  input  signal’s 
frequency  width  is  DC-20  MHz,  so  the  low-pass  filter’s  cut-off  frequency  must  be  wider  than  20MHz. 

For  the  sector  mark  signal  and  tracking  signal,  the  peak-to-peak  value  must  be  measured  according  to  the  intemalional 
standard  teat  condition,  so  the  peak-to-peak  value  detection  circuit  is  added  here.  The  valid  range  of  the  peak-to-peak  value 
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detect  module  is  0.5~3.2v,  but  the  range  of  the  signal  from  the  amplification  circuit  is  0-2. Ov,  so  the  direct  current 
converting  circuit  is  added  between  the  two  module  above.  When  the  optical  beam  scans  on  the  prefonnatted  areas  of  the 
information  track,  the  preformatted  sector  mark  will  disturb  the  tracking  signal,  so  for  the  measuring  of  tracking  signal, 
sector  header  signal  filtering  circuit  must  be  added  in  order  to  reduce  the  disturbance  of  the  preformatted  sector  mark. 

Timing  and  control  logic  circuit  finishes  producing  complex  control  signal  of  all  kinds  of  test  states.  Fig.7  shows  the 
timing  and  control  logic  circuit’s  block  diagram.  The  input  and  output  pin’s  meaning  is  given  below. 

The  input  signals  include: 

•  DETECTEN:  detect  enable  signal.  After  microcomputer  sends  detect  command  to  the  data  sampling  system  and 
the  microprocessor  in  the  test  system  receives  the  command  rightly,  the  microprocessor  sends  the  signal  to  the 
timing  and  control  logic  unit.  It  is  used  by  the  PLD  to  decide  the  start  time  of  detecting,  and  it  is  a  pulse  of  width 
more  than  2Ds. 

•  SIGNAL  SEL:  test  select  signal.  The  signal  is  send  by  the  microprocessor,  when  it  is  low  level,  the  test  target  is 
sector  mark  signal  (includes  I0L),  when  it  is  high  level,  the  test  target  is  tracking  signal. 

•  EXCLK/4:  the  four-divided  clock  of  the  driver’s  bit  clock.  It  is  used  as  the  sampling  clock  pulse. 

•  IN  CLK:  the  internal  clock  of  the  data  sampling  system.  Its  frequency  is  500Hz  and  is  used  as  the  sampling  pulse 
of  low  frequency  signal  such  as  tracking  signal. 

•  FLAG:  sector  mark  index  signal.  The  signal  is  obtained  from  the  driver,  which  is  used  to  indicate  the  start 
position  of  the  sector  mark. 

•  COM  OUT:  the  output  of  the  comparator.  It  is  produced  by  the  prepositive  process  circuit,  and  is  used  to  produce 
the  start  pulse  of  tracking  signal  detecting. 

•  CPU  AB:  the  internal  address  signal  of  the  microprocessor. 

The  output  signals  include: 

•  DETECT  OR:  detect  accomplishment  signal.  It  is  sent  to  the  microprocessor  indicating  of  success  of  sampling, 

•  SCLK:  A/D  converter  sampling  pulse.  It  has  different  frequency  under  different  condition. 

•  SEL1,  SEL2:  channel  select  signal.  When  SEL1  is  high  level,  the  I0L  signal  is  selected  to  sample.  When  SEL.l  is 
low  level  and  SEL2  is  low  lever,  the  tracking  signal  is  to  detect.  When  SEL1  is  low  lever  and  SEL2  is  high  lever, 
the  sector  mark  signal  is  selected  to  detect. 

•  DISCHARGE:  discharge  pulse.  It  is  used  by  the  peak-to-peak  detect  circuit. 

•  AB:  internal  address  bus  signal. 
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Fig.7.  Timing  and  control  logic  control  circuit’s  block  diagram 


3.2  Test  procedure  of  header  signal 

The  test  process  of  sector’s  header  signal  operates  as  below:  Before  the  test,  user  selects  the  header  signal  test  track  in 
the  software  interface,  you  can  select  either  specified  track  or  random  track.  When  testing,  the  host  computer  send  the 
header  signal  sampling  command  to  the  sampling  system  through  RS232  bus,  the  sampling  system  presets  the  sy  stem  as 
header  signal  sampling  state  after  receiving  the  instruct.  Secondly,  the  host  computer  drives  the  optical  header  to  the 
specified  track  through  the  SCSI  cable  and  does  the  read  operation,  and  the  steady  sector  mark  signal  could  be  obtained 
from  the  driver.  When  the  test  system  receives  the  sector  mark  index  signal,  it  triggers  the  A/D  converter  to  sample  the 
signal  from  every  field  of  the  sector  mark.  The  test  system  can  sample  the  specified  track’s  all  17  sectors  once  an  operation, 
the  sampling  data  is  stored  in  the  static  memory  temporarily  before  transmitting  to  the  host  computer.  The  host  computer 
receives  the  data  and  do  calculation  in  the  light  of  international  standard  ISO/IEC  15041:1996,  finally  the  test  result  of  SM, 
WO,  AM,  ID  of  every  sector  mark  is  displayed  on  the  screen. 

3.3  Test  procedure  of  groove  signal 

The  test  process  of  sector’s  groove  signal  operates  as  below:  Before  the  test,  user  selects  the  groove  signal  test  zone  in 
the  software  interface,  you  can  select  either  specified  zone  or  random  zone.  When  testing,  the  host  computer  send  the 
groove  signal  sampling  command  to  sampling  system  through  RS232  bus,  the  sampling  system  presets  the  system  as  groove 
signal  sampling  state  after  receiving  the  instruct.  Secondly,  the  host  computer  drives  the  optical  header  through  the  SCSI 
cable  to  the  specified  zone  and  does  the  cross-tracking  operation,  and  the  groove  signal  can  be  obtained  at  Channel  l  and 
tracking  channel.  At  last  the  sampling  system  transmits  the  sampling  data  to  the  host  computer,  the  host  computer  processes 
the  data  in  the  light  of  international  standard  ISO/IEC  15041:1996  and  gets  the  test  result  of  cross-track  signal,  cross-track 
minimum  signal  and  push-pull  signal. 

We  test  a  SONY  640M  magneto  optical  disk  sample  using  the  test  system,  the  test  result  is  given  below  (see  tabic  1), 
and  test  position  is  selected  randomly  by  the  control  software.  The  test  result  indicates  that  test  result  completely  meets  the 
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international  standard’s  requirement. 


Table  1.  SONY  640M  sample  disk  test  result 


Test  item 

Test  position 

Test  characteristic 

Eligible  range 

Test  value 

I SM  /  %  OL 

0.45-0.95 

0.711 

IvFO  f  I  OL 

0.18-0.90 

0.287 

Header  signal 

Track  16554 

sector  1 

1 VFO 

□  0.30 

0.404 

0.18-0.90 

0.585 

I pm\n  f  1 p max 

□0.30 

0.893 

(I OL  ~~  I Og)J I OL 

0.20-0.60 

0.472 

Groove  signal 

Zone  10 

(^1  +  ^2)  min  A/i  +  ^2  )oL 

□0.15 

0.539 

(L-I2)pp  /(/,+/,)* 

0.30-0.75 

0.462 
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ABSTRACT 

Main  application  of  650nm  band  laser  diodes  are  for  digital  versatile  disk  (DVD).  We  demonstrate  here 
the  650nm  AlGalnP  LD  grown  by  LP-MOCVD  with  the  structure  of  selected  buried  ridge  waveguide. 
Excellent  performance  of  LD  have  been  achieved  such  as  threshold  current ,  threshold  current  density  as 
low  as  20mA  and  350A/cm2  respectively  at  room  temperature,  the  operating  temperature  up  to  90  for 
the  linear  power  output  of  5mw.  RIN  is  about  -130db/Hz,  The  samples  of  LD  have  been  certified  by 
PUH  manufacturers. 

Key  words:  DVD,  laser  diode,  visible,  AlGalnP,  MOCVD 

1.  INTRODUCTION 

Optical  storage  is  another  important  application  of  semiconductor  lasers  besides  optical  fiber 
communication,  it  is  so  popular  that  more  devices  needed  and  greater  developing  economical  benefit 
predicted.  Since  780nm  semiconductor  lasers  used  in  CD  instead  of  He-Ne  Lasers,  it  has  been  rapidly 
developed.  According  to  the  statistics  data,  in  1998  more  than  200  millions  780nm  semiconductor  lasers 
had  been  sold  for  optical  storage,  amount  to  85  percent  of  the  total  sales  of  semiconductor  lasers. 
Recently  for  high  density  optical  storage,  the  semiconductor  laser  with  shorter  emitting  wavelength  are 
required  because  the  size  of  light  spots  are  proportional  to  the  square  of  emitting  wavelength  of 
semiconductor  laser.  Digital  Versatile  Disc  (DVD)  with  the  light  source  of  650nm  LD  are  suggested  as 
an  approach  to  enlarge  the  storage  capacity. 

In  China,  the  VCD  market  is  as  large  as  15  million  sets  per  year  in  1998,  it  can  be  expected  that  the 
market  of  DVD  including  DVD-ROM  and  Player  is  comparable  with  VCD  and  reach  the  amount  of  10 
million  sets  in  the  year  of  2002.  It  is  so  important  to  develop  high  quality  650nm  LD  for  DVD  to  fit  the 
requirement  of  increasing  month  by  month  in  China. 

We  show  here  the  research  results  as  follows:  for  650nm  LD,  broad  area  threshold  current  density  is 
about  350A/cm2  and  selected  buried  ridge  waveguide  LD  is  with  threshold  current  as  low  as  20  mA  at 
RT  and  operating  temperature  can  be  up  to  90  .  The  astigmatism  and  RIN  the  relative  noise  RIN  has 
been  measured  as  10  pm  and  130  db/Hz  respectively. 
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2.  GalnP/AlGalnP  Material  Growth 


Visible  semiconductor  laser  can  be  fabricated  by  III-V  compounds  with  mature  technology,  Energy  band 
gap  of  ternary  III-V  compounds  generally  can  be  expressed  as  second  power  function  of  its  composition 
factor  x 


Eg(x)=Ego+bX+CX2  (ev)  (1) 

where  Eg.  is  the  lowest  energy  band  gap  of  the  binary  compounds,  for  the  energy  range  of  direct  band 
gap  of  GaxIni.xP  ,  it  can  be  written  as: 

Eg(x)=l  .35 1+0.643X+0.786X2  (ev)  (2) 

For  quaternary  compounds  AlGalnP,  the  varieties  of  energy  band  gap  and  crystal  lattice  constant  versus 
its  composition  is  shown  in  fig.l,  from  it  we  can  select  suitable  composition  of  GalnP  and  AlGainP  in 
the  direct  band  gap  region  matched  with  GaAs. 

The  crossover  point  between  direct  band  Tand  indirect  band  X  for  Ino.49  (Gai_xAlx)0.5i  P  occurs  at  2.3  eV. 
If  using  compound  material  with  this  composition  as  active  layer,  it  would  lase  at  wavelength  of  539nm, 
this  would  be  the  possible  shortest  emitting  wavelength  of  this  material  system,  but  it  will  be  difficulty 
to  find  material  as  confinement  layer  and  barrier  for  heterojunction  and  quantum  well. 

Further  research  reveal  that  under  a  definite  growth  condition,  Gao.5Ino.5P  has  a  strict  order  with  one 
layer  GaP  over  one  layer  InP  along  (111)  direction,  and  this  ordered  Gao.5Ino.5P  has  energy  gap  around 
1.84  eV,  rather  than  1.92eV  for  disordered  Gao.5frio.5P  . 

Carriers  effective  mass  plays  an  important  role  in  semiconductors  laser,  it  is  related  to  state  density,  the 
larger  the  effective  mass,  the  higher  the  injection  current  needed  to  reach  population  inversion,  and  the 
larger  the  threshold  current.  GalnP  (AlGalnP)  material  has  larger  effective  mass  than  GaAs  (AlGaAs), 
so  the  threshold  current  density  of  GalnP(AlGalnP)  visible  semiconductor  lasers  can  not  be  as  low  as 
that  of  GaAs( AlGaAs)  lasers  while  technologies  are  at  same  level. 

Besides,  AlGalnP  has  a  larger  thermal  receptivity,  it  is  because  of  the  large  difference  between  masses 
of  Ga  atom  and  In  atom.  It  causes  strong  disharmony  of  the  lattice  oscillation  consequentially  increasing 
the  probability  of  phonon  scattering  and  thermal  resistivity.  The  thermal  resistivity  of  Gao.5Ino.5P  is 
about  19  cm  °C  /w,  in  Alo.5frio.5P  the  disharmony  is  stronger  and  thermal  resistivity  is  larger,  for  AlxGai_ 
xAs  thermal  resistivities  less  than  10cm°C  /w  for  all  composition  compounds. 

AlGalnP  quaternary  compounds  can  not  be  grown  by  LPE,  for  reason  of  large  A1  segregation  coefficient 
in  AllnP  system.  On  the  other  hand,  because  the  saturation  pressure  of  phosphorous  is  too  high  ,  it  can 
not  be  grown  by  normal  MBE  technology.  Up  to  date  GalnP/AlGalnP  material  can  only  be  grown  by 
GSMBE  or  MOCVD. 
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In  this  article,  LP-MOCVD  with  horizontal  reactor  of  AIX200  is  used.  2  inches  Si-doped  (100)  GaAs 
substrates  with  mis-orientation  6°-15°  off  towards  (lll)A  were  loaded  on  the  graphite  holder,  which  is 
heated  by  infrared  lamp.  The  larger  mis-orientation  is  beneficial  to  the  shorter  wavelength  of  laser 


diode.4,5  The  MO  sources  were  TMIn,  TMGa,  and  TMA1.  The  hydride  sources  are  PH3  and  ASH3.  The 
doping  sources  were  DEZn  for  the  p-type  layers  and  SiH4  for  the  n-type  layers.  Carbon  is  selected  as  a  p 
type  of  high  concentration  dopant  special  for  ohmic  contact  top  layer.  The  carrier  gas  is  H2  purified  by 
Pd  purifier.  The  growth  temperature  is  about  680°C  -720°C,  the  V/M  ratio  is  in  the  range  of  120-300, 
and  growth  rate  can  be  controlled  in  the  range  of  1.8-4|jm  /hrs.  The  growth  pressures  were  50-100mbar. 
The  lattice  mismatch  (Aa/a)  of  AlGalnP  layer  is  about  1 x  10'3. 

3.  The  structure  and  fabrication  of  650nm  Laser  Diode 

In  early  stage,  visible  semiconductor  lasers  1-3  are  with  the  structure  of  InGaAlP  /GalnP  double 
heterojunction  (DH),  grown  on  Si-doped  (001)  GaAs  substrate  at  700°C,  with  unintentionally  doped 
GalnP  active  layer  and  p-type,  n-type  AlGalnP  used  as  upper  and  lower  cladding  layer,  Fig.2  give  out  a 
typical  gain  guided  and  index  guided  laser  structure.  Injected  current  confinement  of  gain  guided  stripe 
laser  is  realized  by  the  n-type  GaAs  blocking  layer.  Optical  mode  is  defined  by  gain  distribution  induced 
by  the  injected  current.  Despite  the  gain  guided  lasers  usually  take  multi-mode  and  large  astigmatic,  it 
could  be  accepted  for  some  application  with  lax  demand  for  the  sake  of  its  simple  structure,  simplified 
technology,  high  reliability  and  productivity,  for  instance  the  usage  of  laser  pointer.  Normally  this  type 
of  devices  is  with  lasing  wavelength  of  670nm-695nm. 

Ridge  waveguide  is  also  a  structure  which  has  been  widely  used  and  posses  a  series  of  advantages  such 
as  low  threshold  current  ,  high  efficiency  ,  simple  processing  ,  and  low  cost,  but  it  can  not  fit  to  the 
application  of  DVD  due  to  whose  thermal  conductivity  and  whose  noise  characteristics. 

Index  guided  structure  can  realize  stable  transverse  mode  layout.  Because  its  n-GaAs  current  blocking 
layer  is  grown  selectively  on  the  ridged  double  heterojunction,  so  called  selectively  buried  ridge 
structure.  The  n-GaAs  blocking  layer  also  acts  as  a  light  absorbing  layer  and  causes  an  effective 
refractive  index  difference  along  the  junction  plane.  This  kind  of  device  can  realize  threshold  current 
lower  and  operation  temperature  higher  compared  with  gain  guided  laser,  this  transverse  mode  stabilized 
laser  has  less  astigmatic  which  is  dependent  on  the  optical  mode  distribution  built  up  by  the  laser 
structure.  Fabrication  of  visible  Semiconductor  lasers  with  shorter  wavelength  as  mentioned  above,  the 
application  of  DVD  need  lasers  with  wavelength  as  short  as  possible. 

Generally  three  technical  paths  were  taken  to  shorten  the  wavelength.  Firstly  using  AlGalnP  quaternary 
compound  as  active  layer  of  DH  lasers.  Because  it  is  very  simple  and  easy  to  operate,  during  early  stage 
a  lot  of  research  had  been  done.  But  practice  reveals  that  visible  lasers  with  AlGalnP  active  layer  is 
difficult  to  operate  at  high  temperature,  this  is  because  of  the  increasing  of  leakage  current  at  high 
temperature.  For  630nm  lasers,  the  energy  band  gap  of  AlGalnP  active  layer  has  reached  to  1.97eV.  In 
such  heterojunction,  the  conduction  band  offset  between  active  layer  and  cladding  layer  is  very  small, 
more  injected  electrons  flow  over  active  layer  getting  into  cladding  layer.  It  is  obvious  that  the  shorter 
the  lasing  wavelength,  the  larger  the  electrons  overflow.  To  overcome  carriers  overflow  cladding  layer 
with  large  energy  band  gap  or  high  p-type  doping  level  is  needed.  However  experiments  prove  that 
Aluminum  introduce  more  non-radiative  centers  into  active  layer  thus  raising  the  threshold  current 
density.  Secondly  quantum  well  structure  is  employed  in  active  layer.  The  third  path  is  using  mis- 
oriented  GaAs  substrates.  The  second  and  third  measurement  will  be  induced  into  design. 

Fig.3  shows  the  schematic  structure  of  our  650nm  LD.  The  LD  has  a  conventional  buried  ridge 
waveguide  structure  with  three-step  epitaxial  growth.  The  multilayers  containing  Si-doped  n-GaAs 
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buffer  layer,  Si-doped  n-(Al0.55Gao.45)o.5  Ino.sP  cladding  layer  (n=5-8*1017cm'3,  d=1.05pm),  an  undoped 
(Al0.55Gao.45)o.5  Ino.sP  optical  confinement  layer  for  both  of  upper  and  lower,  an  undoped  strained  multi¬ 
quantum  wells  active  layer,  a  Zn-doped  p-  (Al0.55Gao.45)o.5  Ino.sP  cladding  layer  (p=l-2*1018cm'3, 
d=0.25|Jm),  a  Zn-doped  p-GalnP  layer,  a  Zn-doped  p-(Alo.55Gao.45)o.5lno.sP  cladding  layer  (p=l-2*1018 
cm"3,  d=0.8|Jm),  a  Zn-doped  p-  Gao.  5Ino.5P  layer,  and  a  Zn-  doped  p-GaAs  layers  were  successively 
grown  on  a  (100)  6°-15°  off  towards  (lll)A  Si-doped  n-GaAs  substrate.  Then,  after  depositing  with 
SiC>2  or  Si3N4,  ridge  stripes  in  the  (Oil)  direction  were  formed  by  chemical  etching.  In  the  second 
growth  step,  a  Si-doped  n-GaAs  current  blocking  layer  (n=2  xl018cm‘3  5  d=1.2pm)  was  selectively 
grown  on  both  sides  of  the  stripes.  In  the  3rd  growth  step,  a  C-doped  p-GaAs  contact  layer  (p=3x 
1019cm'3 ,  d=2.2pm)  was  grown.  The  stripe  width  at  the  bottom  of  ridge  is  4.5pm.  Ohmic  contacts  were 
formed  with  TiPtAu  for  p-side  and  Au-Ge-Ni  for  the  n-side.  The  Lasers  cavity  is  300pm  long  and  with 
reflectivity  of  15/85%  coating ,  and  are  mounted  on  heat  sink  with  configuration  of  p-side  down  . 

4.  The  Performances  of  Lasers 

Fig.  4  (a)  shows  the  CW  operating  light  output  power  against  current  characteristics  of  a  typical  650nm 
DVD  LD  measured  at  temperatures  ranging  from  25~90°C.  In  the  figure,  the  threshold  current  is  as  low 
as  25mA  at  25°C,  output  power  more  than  lOmW  at  Tc=80°C  and  more  than  7.5mW  at  Tc=90°C, 
respectively. 

The  lasing  wavelength  is  644nm  at  -10°C,  650. 5nm  at  25°C  and  654.5nm  at  7°C  respectively,  under 
5mW  shown  in  Fig  4(b).  The  beam  divergences  perpendicular  and  parallel  to  the  junction  are  8-12°,  and 
28-32°,  respectively. 

The  650mn  DVD  LDs  reliability  tests  were  performed  at  70°C,  APC  5mw,  lOOOhrs.  The  life  time  at 
70°C,  APC  5mW  were  about  4000-6000hrs. 


5.  SUMMARY 

In  conclusion,  650mn  DVD  LDs  have  been  developed.  Typical  threshold  current  density  is  about 
350A/cm2,  the  threshold  current  as  low  as  20mA  at  25°C,  were  achieved.  The  beam  divergence  is  about 
8-12°*28-32°.  and  operating  temperature  can  be  up  to  90°C.  The  astigmatism  and  the  relative  noise 
(RIN)  has  been  measured  as  10pm  and  130  dB/Hz  respectively.  The  specifications  of  LDs  have 
essentially  satisfied  the  requirement  of  DVD  application  by  the  certification  of  DVD  pick-up 
manufacturers.  The  improvement  of  production  capacity  and  yield  are  under  way. 
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Fig.4  Temperature  dependence  of  DVD  grade  LD 
(a)  P-I  curves;  (b)  spectrum  characteristics 
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ABSTRACT 

We  present  an  investigation  of  third-order  optical  nonlinearity  in  surface  modified  PbS  and  CdJPb/.jS  nanoparticles  using 
the  Z-scan  technique  with  femtosecond  laser  pulses  at  780-nm  wavelength.  The  samples  include  PbS  nanoparticles  in 
microemulsion  with  PbS  concentration  range  from  0.3  -  2.5  x  10'3  M  and  Cd^Pb^S  nanoparticles  in  microemulsion  with  x 
from  0  to  1.  An  extended  Z-scan  theory  based  on  the  Huygens-Fresnel  principle  is  employed  to  extract  the  nonlinear 
refraction  index  from  the  experimental  Z-scan  data  with  a  large  nonlinear  phase  shift.  The  nonlinear  refractive  index  in  PbS 
nanoparticle  microemulsion  is  found  to  increase  linearly  with  PbS  concentration  between  0.3  x  10'3  and  1.9  x  10'3  M.  The 
highest  concentration  microemulsion  gives  a  nonlinear  refractive  index  of  1.8  x  10'11  cm2/W,  which  is  approximately  4 
orders  of  magnitude  higher  than  those  of  commercially  available  bulk  semiconductors,  such  as  ZnS  and  CdS,  measured  at 
the  same  conditions.  In  Cd^Pb^S  nanoparticles,  Cdo.33Pbo.67S  exhibits  relatively  larger  refractive  nonlinearity.  For  all 
samples,  nonlinear  absorption  remained  unmeasurable  up  to  0.9  GW/cm2.  The  observed  large  refractive  nonlinearity  in 
these  nanoparticles  may  mainly  be  attributed  to  the  optical  Stark  effect  and  contribution  from  the  surface-trapped  states  in 
the  nanoparticles. 

Keywords:  PbS,  Cd^Pb^S,  Nanoparticles,  Nonlinear  refraction  index,  Z-scan  technique 

1.  INTRODUCTION 

Materials  with  large  third-order  optical  nonlinearity  and  fast  response  time  are  essential  for  future  optical  device 
applications  in  optical  computing,  real  time  holography,  optical  correlators,  and  phase  conjugators.  The  nanometer-sized 
semiconductor  materials  have  been  demonstrated  to  be  such  candidates  since  they  exhibit  large  third-order  optical 
nonlinearity  based  on  the  quantum  size  effect  and  interfacial  effect.  In  recent  years,  quantum-confined  semiconductor 
nanoparticles  have  been  investigated  extensively  from  the  viewpoints  of  fundamental  physics  and  applications  to 
optoelectronic  devices.  In  the  quantum-confined  regime,  nanoparticles  exhibit  novel  physical  and  chemical  properties, 
especially  nonlinear  optical  properties1'3.  For  semiconductor  nanoparticles  coated  by  a  layer  of  organic  molecules  on  then- 
surfaces,  great  enhancement  of  third-order  optical  nonlinear  susceptibility  has  been  predicted  and  observed  in  the  single¬ 
photon  resonance  region4.  Justus  et  al.5, 6  investigated  the  nonlinear  optical  properties  of  quantum-confined  GaAs  and  InP 
micro-crystallites  deposited  in  vycor  glass,  and  significant  enhancement  of  nonlinear  optical  response  was  observed.  Yu  et 
al?  reported  that  the  coated  Bi203  nanoparticles  have  large  third-order  optical  susceptibility,  approximately  two  orders  of 
magnitude  greater  than  that  of  bulk  Bi203,  which  was  attributed  to  the  contribution  of  the  interfacial  modification. 

Unlike  its  second-order  counterpart,  the  third-order  susceptibility  is  a  complex  number  whose  real  and  imaginary 
components  are  responsible  for  self-focusing  (or  self-defocusing)  and  nonlinear  absorption,  respectively.  Because  of  the 
potential  photonic  device  applications  of  the  third-order  susceptibility,  several  methods  have  been  developed  for  the 
characterization  of  /(3).  These  include  nonlinear  interferometry,  wave  mixing  methods,  Z-scan  technique,  and  measurements 
of  the  far-field  beam  distortion,  optical  damage  thresholds,  and  ellipse  rotation.  The  Z-scan  technique  ,  introduced  by  Sheik- 
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Bahae  et  al.,  has  been  proven  to  have  several  advantages  in  the  determination  of  third-order  optical  nonlinearities.  The  Z- 
scan  technique  is  a  simple  yet  sensitive  single-beam  method.  It  is  capable  of  providing  information  not  only  on  the 
magnitude  but  also  on  the  sign  of  the  third-order  susceptibility  for  a  given  material.  It  can  also  distinguish  between  the  real 
and  imaginary  parts  of  the  third-order  susceptibility  (Rerf3)  and  Imtf3>),  which  can  result  from  the  optical  Kerr  effect  and 
two-photon  absorption,  respectively. 

Recently,  we  successfully  synthesized  surface  modified  PbS  and  Cd*PbMS  nanoparticles  using  a  microemulsion  method.  In 
this  paper,  we  present  an  experimental  investigation  of  the  third-order  optical  nonlinearity  in  PbS  and  CdJPb;.*S 
nanoparticles  using  the  Z-scan  technique  with  150-fs  laser  pulses  at  780-nm  wavelength.  The  results  show  that,  for  all 
samples,  no  nonlinear  absorption  occurs,  and  the  sign  of  nonlinear  refractive  index  n2  in  these  nanoparticles  is  negative.  We 
found  that,  with  the  increase  of  the  input  irradiance,  the  measured  Z-scan  traces  with  large  purely  refractive  nonlinear  index 
for  these  nanoparticles  become  asymmetric  and  differ  from  the  usual  dispersionlike  (symmetric)  Z-scan  curve8,  implying  a 
large  nonlinear-phase  distortion  in  the  nanoparticles.  We  have  performed  theoretical  fitting  to  these  Z-scan  data  using  an 
extended  Z-scan  theory  based  on  the  Huygens-Fresnel  principle.  The  obtained  large  refractive  nonlinearity  n2  in  these 
nanoparticles  is  mainly  attributed  to  the  optical  Stark  effect  and  contribution  from  the  surface-trapped  state  in  the 
nanoparticles. 

2.  EXPERIMENTAL 


2.1  Sample  Synthesis 


The  samples  employed  in  this  study  include  nanometer-sized  PbS  and  Cd^Pb^S  semiconductors,  which  were  prepared  by 
using  a  microemulsion  method.  A  system  containing  the  surfactant  of  poly(oxyethylene)5  nonyl  phenol  ether  (NP-5)  and  1- 
dodecanethiol,  an  oil  phase  of  petroleum  ether  (PE),  and  an  aqueous  phase  of  salt  solution  was  used.  The  colloidal  PbS 
nanoparticles  were  prepared  by  mixing  two  NP5/dodecanthiol-PE  microemulsions,  one  of  Pb(N03)2  and  the  other  of 
(NH4)2S.  The  mixing  is  produced  by  rapid  injection  of  variable  volume  of  both  microemulsions  of  the  same  concentration  of 
reactant  and  the  fixed  water/surfactants  ratio.  A  series  of  PbS  nanoparticles  with  various  concentrations  was  prepared  in 
microemulsion  based  on  the  compositions:  2  wt  %  of  aqueous  phase  and  98  wt  %  of  organic  phase  consisting  of  the 
surfactants  and  petroleum  ether  as  an  oil  phase  in  the  weight  ratio  of  1 :9,  in  which  the  mixed  surfactants,  i.e.  NP-5  and  1- 
dodecanethiol  are  fixed  at  4:1.  The  resultant  PbS  nanoparticles  were  thus  stabilized  by  a  surfactant  of  poly(oxyethylene)5 
nonyl  phenol  ether  (NP5)  and  capped  by  dodecanthiol.  The  samples  for  optical  measurements  are  PbS  nanoparticles  in 
microemulsion  with  the  PbS  concentration  range  of  0.3  -  2.5  x  10'3  M  (mol/L)  as  well  as  CdJPb^S  nanoparticles  in 
microemulsion  with  x  from  0  to  1,  as  listed  in  Tables  1  and  2  respectively.  The  particle  size  and  crystalline  structure  were 
measured  by  transmission  electron  microscope  (TEM)  and  selected  area  diffraction  (SAD).  The  linear  absorption  spectra  of 
these  nanoparticles  in  microemulsion  were  recorded  using  UV-visible  spectrophotometer. 


Table  1 .  Measured  n2  values  in  PbS  nanoparticle  microemulsion 
with  the  PbS  concentration  range  from  0.3  -  2.5  x  10'3  M. 


Sample 

Al 

A2 

A3 

A4 

A5 

PbS  concentration 
(x10'3M) 

0.31 

0.62 

1.3 

1.9 

2.5 

n2  (xlO"12  cm2/W) 

0.26 

0.86 

2.2 

4.7 

18 

Table  2.  Measured  n2  values  in  CdxPb t.xS  nanoparticles  with  x  from  0  tol. 


Sample 

B1 

B2 

B3 

B4 

B5 

B6 

B7 

Fraction  x 

0 

0.20 

0.33 

0.50 

0.67 

0.80 

1 

n2  (xl0‘12  cm2/W) 

2.6 

2.6  ! 

5.3 

4.2 

4.3 

2.0 

0.54 

2.2  Z-Scan  Measurement 

A  schematic  of  our  Z-scan  experimental  set-up  is  shown  in  Fig.  1.  The  laser  pulses  at  780-nm  wavelength  were  delivered  by 
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a  mode-locked  Tksapphire  laser  operating  at  a  repetition  rate  of  76  MHz.  The  FWHM  pulse  duration  was  150  fs.  The  spatial 
profile  of  the  laser  beam  was  nearly  a  Gaussian  distribution  after  a  spatial  filter.  The  minimum  beam  waist  coo  of  the  focused 
laser  beam  was  measured  to  be  28  (im.  The  linearly  polarized  pulses  were  divided  by  a  beam-splitter  into  two  parts:  the 
reflected  one  used  as  a  reference  to  represent  the  incident  light  power;  and  the  transmitted  one  was  focused  through  the 
sample.  Both  the  beams  were  recorded  by  two  power  probes  (Newport  818  SL)  simultaneously,  and  measured  by  a  dual 
channel  power  meter  (Newport  2832-C)  which  transferred  the  digitized  signals  to  a  computer.  The  sample  was  mounted  on 
a  computer-controlled  translation  stage  that  moved  the  sample  along  the  Z-axis  with  respect  to  the  focus  of  the  lens.  When 
measuring  the  nonlinear  refraction,  a  1 .4-mm-diameter  aperture  was  placed  in  front  of  the  transmission  detector.  As  a 
reference,  we  performed  a  Z  scan  on  a  sample  of  polycrystalline  ZnSe,  and  obtained  n2  =  2.3  x  10'14  cm2/W  (1.0  x  10'11  esu) 
and  two-photon  absorption  coefficient  /3  =  3.8  x  10‘9  cm/W,  which  are  in  good  agreement  with  the  published  results 
measured  at  the  same  conditions.9 

Pinhole  Beam 


Fig.l  Experimental  setup  for  Z-scan  measurments 

The  nonlinear  optical  responses  of  the  PbS  and  Cd^Pb^S  nanoparticles  in  microemulsion  were  investigated  using  the 
above-described  Z-scan  system.  The  samples  were  placed  in  a  1-mm-thick  quartz  cuvette,  respectively.  In  our  case,  these 
samples  satisfied  the  “thin  sample”  condition  ( L  <  Z0,  where  L  is  the  sample  thickness,  and  Z0  is  the  Rayleigh  confocal 
parameter  of  the  Gaussian  beam  ) 8.  All  the  Z-scan  measurements  were  carried  out  at  room  temperature.  Our  experimental 
error  was  about  20%,  which  mainly  originated  from  the  determination  of  the  input  irradiance  distribution  used  in  the 
experiment,  i.e.,  beam  waist,  pulse  width,  and  power  calibration. 

3.  RESULTS  AND  DISCUSSION 

Fig.  2  shows  a  typical  TEM  image  and  SAD  pattern  of  the  PbS  nanoparticles  in  microemulsion.  An  average  size  of  about  7 


Fig.  2  (a)  Transmission  electron  micrograph  for  PbS  nanoparticles,  (b)  Electron  diffraction  pattern  obtained 
from  Fig.  2(a). 
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ntn  for  these  nanoparticles  was  observed,  which  is  less  than  the  bulk  PbS  exciton  Bohr  radius  of  18  nm.10  The  d-spacing 
calculated  from  the  diffraction  rings  in  Fig.2  establish  a  cubic  rock  salt  structure  for  PbS  particles.  Compared  with  the 
standard  value,  all  the  diffraction  rings  are  slightly  broadened.  This  is  due  to  the  formation  of  nanocrystals.  The  linear 
absorption  spectra  of  the  PbS  nanoparticle  microemulsions  (Samples  A1-A5)  are  shown  in  Fig.3,  which  exhibits  a  blue  shift 
in  the  absorption  edges  of  the  samples  compared  to  bulk  PbS.  The  results  show  that  the  onset  of  absorbance  appears  shifted 
to  the  longer  wavelength  with  the  increase  of  PbS  concentration  in  the  samples.  The  longer  tail  of  the  absorption  band  can 
be  seen  for  the  samples  with  high  PbS  concentration,  which  may  be  attributed  to  the  size  distribution  of  nanoparticles  and 
defects  on  particle  surface. 


wavelength  (nm) 

Fig.  3  The  linear  absorption  spectra  of  PbS  nanoparticle  samples  with  PbS  concentration  range  from 
0.3  -2.5x  10'3  M. 

As  an  example,  Fig.4  shows  typical  open-aperture  and  closed-aperture  Z-scan  results  on  the  PbS  nanocrystal  microemulsion 
with  1.3  x  10*3  M  (mol/L)  PbS  concentration,  obtained  with  linearly  polarized  780-nm  femtosecond  pulses  at  different 
irradiances.  Note  that  all  the  input  irradiances  reported  here  are  the  peak  iiradiances  at  the  focus  within  the  sample.  The 
measured  open-aperture  Z  scans  exhibit  that  Z-scan  trace  with  the  irradiance  up  to  0.9  GW/cm2  is  nearly  flat,  indicating  that 
no  two-photon  absorption  occurs  in  the  sample  at  780-nm  wavelength.  The  measured  closed-aperture  Z  scans  show  that  the 
Z-scan  traces  at  low  irradiance  level  is  symmetric  about  the  focus  Z  =  0  (i.e.,  peak-valley  symmetry),  and  the  Z-scan  traces 
become  asymmetric  with  the  increase  of  the  input  irradiance.  The  Z-scan  trace  at  the  irradiance  of  155  MW/cm2  in  Fig.4 
shows  a  severely  asymmetric.  Obviously  the  conventional  Z-scan  theory  based  on  the  small-phase-distortion  approximation 
[i.e.,  the  Gaussian  decomposition  (GD)  method] 8  does  not  fit  the  experimental  data  well.  A  Z-scan  analysis  based  on  the 
Huygens-Fresnel  (H-F)  principle  will  be  used  in  present  work  as  follows. 

Consider  a  Z-scan  experiment  in  which  an  incident  laser  beam  with  TEMoo  Gaussian  is  propagating  and  is  focused  by  a  lens 
onto  a  thin  sample.  In  the  case  of  cubic  nonlinearity  and  negligible  nonlinear  absorption,  the  irradiance  at  the  exit  surface  of 
the  sample  may  be  obtained  as: 

(1) 

where  a  is  the  linear  absorption  coefficient,  L  is  the  thickness  of  the  sample,  and  z  is  the  sample  position.  Here  7/r,  t,  z)  is 
the  irradiance  within  the  sample.  This  irradiance  is  taken  as  a  Gaussian  in  space  and  time,  given  by 

7  /0exp[-2(r  /  w)2  -  (t  / 10 )2  ]  /0, 

~  t  r  i  \ 2  5  W 

l  +  (z/z0) 
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Fig.  4  Z-scan  measurements  on  PbS  nanoparticles  in  microemulsion  (Sample  A3).  The  open  circles  in  (a)  are  measured 
without  the  aperture  at  the  input  irradiance  of  500  MW/cm2.  The  open  circles,  squares  and  triangles  in  (b)  are  measured 
with  the  aperture,  respectively,  at  the  input  irradiances  (i)  155,  (ii)  95,  and  (iii)  47  MW/cm2.  The  solid  curves  are  the 
theoretical  fits  from  Eq.  (6). 


where  z0  =  7Wq/X,  with  w0  the  beam  waist,  r  is  the  distance  from  the  axis  of  the  beam,  and  w  is  the  radius  of  the  beam  at  the 
z  position.  The  nonlinear  phase  A(J>  experienced  by  the  beam  may  be  derived  as 


=  -  77*  2  exp(-2r 2  /  w2  )  = 
l  +  (z/z0)2 


kyhJohjf 
1 +(z/z0)2 


exp(-2r2  !w2) , 


0) 


where  Leg  =[l-exp(-aL)/a],  AO0  is  the  on-axis  nonlinear  phase  shift  at  the  focus.  The  electric  field  at  the  exit  surface  of  the 
sample  is  completely  determined  by  Eqs.  (1)  and  (3)  [Le.,  Es(r ,  t,  z)  ocl 1/3  exp(iA<j>)\ 

The  traditional  Z-scan  analysis  is  based  on  the  GD  method,  which  allows  for  calculation  of  the  electric  field  in  the  plane  of 
the  aperture  in  front  of  the  detector  as  a  sum  over  infinite  Gaussian  beams.  Based  on  this  method,  Sheik-Bahae  et  al. 
calculated  the  normalized  transmittance  through  the  aperture  T(z)  under  conditions  of  a  small  nonlinear  phase  shift,  |AO0|  < 
1,  and  small  aperture.  T(z)  is  given  by8 


T(z)  =  1  + 


4xAO0 

(x2+l)(x2+9) 


(4) 
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with  x  =  z/z0.  One  can  find  that  the  last  term  of  the  right-hand  side  of  Eq.(4)  is  an  odd  function  of  z,  which  indicates  that  the 
curve  described  by  Eq.(4)  is  symmetric,  crossing  the  axis  T(z)  =  1  at  z  -  0.  Our  measured  Z-scan  traces  at  high  irradiance 
level,  corresponding  to  large-nonlinear-phase  shift,  show  an  asymmetric  characteristic.  Hence,  Eq.(4)  is  not  applicable  to 
this  case. 

In  our  numerical  analysis,  the  electric  filed  Ea  at  the  aperture  is  obtained  by  applying  an  H-F  propagation  integral:11 


£>-''z)  =  7X fc)exp 


i7tr 


X(d  -  z) 


(  r'dr'Es(r',t,z)exp 


inr'2 

J 

2 nrr' 

_X(d-z)_ 

J0 

X  (d  -  z) 

(5) 


where  d  is  the  distance  between  the  aperture  and  the  focal  plane.  The  normalized  transmittance  T  (z,  S)  can  be  obtained  as 


T(z,S) 


cs0n0n  J 

r°c a 

'-00  • 

r°  Ea(r,t,zf  rdr 

p((0  dt 

(6) 


where  Pf (7)  =  70exp[-(t/t0 )2 ] is  the  instantaneous  input  power,  £  =  1  -  exp(-2ra2  !w2a)  is  the  aperture  linear 


transmittance,  with  ra  and  wa  denoting  the  aperture  radius  and  the  beam  radius  at  the  aperture  in  the  linear  regime, 
respectively. 


It  should  be  pointed  out  that  Eq.(6)  based  on  the  H-F  propagation  integral  is  general  and  exact,  which  enables  the 
calculation  of  T(z)  for  any  magnitude  of  nonlinear  phase,  as  long  as  it  keeps  a  Gaussian  profile.  Fig.5  shows  the  analytical 
curves  resulting  from  GD  theory  Eq.(4)  and  Eq.(6)  based  on  the  H-F  propagation  integral  for  the  nonlinear  phase  shift  AO0 
equal  to  -ti/4,  -tc/2,  -tc,  -3tt/2  and  -2n.  As  |AO0|  increases,  we  note  that  the  Eq.(6)-predicted  curves  become  asymmetric,  and 

the  point  where  it  crosses  the  axis  T(z)  =1  moves  away  from  the  zero  towards  the  negative  portion  of  the  axis.  This  tend  is 
in  agreement  with  our  measured  Z  scans  on  PbS  nanocrystals.  In  addition,  it  is  interesting  to  note  that,  as  represented  in  Fig. 
5(a)  for  nonlinear  phase  shift  larger  than  4.93,  the  transmittance  of  Eq.  (4)  has  a  negative  value,  which  is  physically 
unacceptable. 


z/z0 


Fig.  5  Theoretical  plots  of  closed-aperture  Z-scan  transmittance  for  purely  nonlinear  refraction:  (a)  the  conventional 
small-phase-shift  theory  of  Eq.(4)  derived  from  Sheik-Bahae  et  al  and  (b)  the  large  nonlinear-phase-shift  theory  of  Eq. 
(6)  based  on  the  Huygens-Fresenel  principle. 
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By  applying  Eq.(6),  we  numerically  calculated  the  normalized  transmittance  as  a  function  of  the  z  position  using  n2  as  a  free 
parameter.  The  n2  value  can  be  extracted  from  the  best  fit.  The  solid  lines  in  Fig.4  show  the  best  fits  to  the  experimental  data 
at  different  input  irradiances  ranging  from  30  -  200  MW/cm2,  which  yield  a  range  of  n2  values.  We  plot  these  n2  values 
versus  the  input  irradiances  is  shown  in  Fig.6.  The  results  show  that,  in  our  experimental  error,  the  measured  n2  is 
independent  of  the  input  irradiance,  which  confirms  that  the  observed  nonlinear  refraction  is  the  Kerr  nonlinearity.  Similar  Z 
scans  and  analytical  procedures  have  been  carried  out  for  the  other  samples.  The  measured  n2  values  are  summarized  in 
Tables  1  and  2.  It  should  be  pointed  out  that  nonlinear  absorption  was  not  observed  for  all  samples,  and  the  sign  of  their  n2 
is  negative,  corresponding  to  a  self-defocusing  nonlinearity.  We  also  conducted  Z  scans  on  the  reagents  used  to  synthesize 
these  nanoparticles  in  microemulsion,  and  no  nonlinearities  are  measurable,  indicating  that  the  PbS  and  Cd,Pbj_xS 
nanoparticles  give  rise  to  the  observed  refractive  nonlinearity  in  these  microemulsions.  The  measured  results  also  show  that 
the  n2  value  of  the  highest  PbS-concentration  microemulsion  measured  is  1.8  x  10‘u  cm2/W,  which  is  ~  4  orders  of 
magnitude  higher  than  those  of  commercially  available  bulk  materials  such  as  CdS  and  ZnS  measured  at  the  same 
conditions10.  For  the  samples  of  PbS  nanoparticles,  refractive  nonlinearity  n2  is  plotted  against  the  PbS  concentration  in 
microemulsion  in  Fig.7  and  can  be  seen  to  be  approximately  linear  with  the  PbS  concentration  over  the  range  of  0.3  -1.9  x 
10'3  M.  Therefore,  we  can  conclude  that  the  increase  in  the  concentration  of  PbS  nanoparticles  is  one  of  the  ways  to 
enhance  the  refractive  nonlinearity  of  the  composite.  For  Cd^Pb^S  nanoparticle  samples,  n2  value  is  closely  related  to  the 
fraction  x  in  CdxPbi.xS.  It  is  found  that  Cd0  3.5Pbo.67S  nanoparticles  exhibits  relatively  larger  refractive  nonlinearity. 


Fig.  6  Measured  n2  (filled  circles)  versus  the  input 
irradiance,  Ip,  for  PbS  nanoparticles  in  microemulsion  ( 
Sample  A3).  The  solid  line  is  a  guide  for  the  eye. 


Fig.7  Measured  n2  (filled  circles)  plotted  against  PbS 
nanoparticle  concentration  in  microemulsion. 


Since  the  excitation  frequency  at  780  nm  in  our  Z-scan  measurement  is  below  the  absorption  edge  of  the  samples,  the 
observed  optical  nonlinearity  is  nonresonant.  The  obtained  large  purely  refractive  nonlinearity  of  the  PbS  nanoparticles 
originates  mainly  from  two  mechanisms:  (1)  Optical  Stark  Effect  (OSE).  Cotter  et  al.2  have  confirmed  that  OSE  makes  the 
dominant  contribution  to  the  third-order  refractive  nonlinearity  of  quantum-confined  semiconductor  nanoparticles  in  the 
transparency  region.  Our  experimental  results  agree  to  their  conclusion,  since  our  samples  exhibit  large  refractive 
nonlinearity  and  negligible  absorptive  nonlinearity.  As  is  already  known,  an  interfacial  polarization  field  will  enhance  OSE. 
Hence,  we  intentionally  modified  our  nanoparticles  with  a  layer  of  surfactant  molecules  forming  an  interface  dipole  layer  on 
the  surface  of  the  nanoparticles,  which  may  result  in  larger  refractive  nonlinearity.  (2)  Due  to  the  high  surface-to-volume 
ratio  of  the  nanoparticles,  there  exist  a  number  of  surface-trapped  states  in  the  bandgap  of  the  nanocrystals.  These  surface- 
trapped  states,  although  of  relatively  low  state  density,  could  also  significantly  contribute  to  the  optical  nonlinearity12.  The 
direct  excitation  of  these  surface  trapped  states  will  generate  photocarriers,  which  will  also  give  a  negative  n2.  In  addition, 
due  to  the  high  repetition  rate  (76  MHz)  of  the  laser  pulses  used  in  our  Z-scan  measurement,  some  slow  nonlinear  processes 
(e.g.,  thermal  effect)  may  also  be  involved.  Further  investigation,  such  as  femtosecond  time-resolved  nonlinearity 
experiment,  is  necessary  to  distinguish  between  these  nonlinear  mechanisms  involved. 
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4.  CONCLUSION 


The  third-order  optical  nonlinearity  of  surfaced  modified  PbS  and  Cd^Pb^S  nanoparticles  in  microemulsion  has  been 
studied  using  a  Z-scan  technique  with  femtosecond  780-nm  pulses.  An  extended  Z-scan  theory  was  applied  to  extract  the 
nonlinear  refractive  index  n2  from  the  experimental  Z-scan  data  with  a  large  nonlinear  phase  shift.  The  n2  value  of  PbS 
nanoparticles  in  microemulsion  was  found  to  increase  approximately  linearly  with  the  PbS  concentration  range  from  0.3  - 
1.9  x  10'3  M.  The  sample  of  the  highest  PbS  concentration  in  microemulsion  gave  a  n2  value  of  1.8  x  10'11  cm 2/W,  which  is 
about  4  orders  of  magnitude  higher  than  those  of  commercially  available  bulk  semiconductors,  such  as  ZnS  and  CdS.  For 
CdjPbj.jcS  nanoparticles,  Cdo.33Pbo.67S  was  found  to  have  relatively  larger  refractive  nonlinearity.  No  nonlinear  absorption 
was  measurable  up  to  0.9  GW/cm2  for  these  nanoparticles.  The  observed  large  refractive  nonlinearity  in  these  nanoparticles 
mainly  originated  from  the  optical  Stark  effect  and  contribution  of  the  surface-trapped  states  of  the  nanoparticles.  The 
experimental  results  show  that  these  nanoparticles  with  large  refractive  nonlinearity  and  ultrafast  response  are  potential 
materials  for  application  in  optical  devices  such  as  optical  limiting  and  switching. 
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ABSTRACT 

Optical  nonlinearities  of  semiconductor  nanoparticles  are  of  great  interest  recently.  Here  the  Hyper-Rayleigh  scattering 
(HRS)  technique  is  used  to  measure  the  second-order  nonlinear  optical  (NLO)  responses  of  nanoscale  CdS  Colloids  with 
different  surfaces  in  water.  It  shows  that  the  HRS  signals  for  CdS  Colloids  (about  5  nm  in  diameter)  are  very  strong.  The 
"per  particle"  first-order  hyperpolarizability  values  P  are  estimated  to  fall  in  the  range  of  10-26  esu,  and  "per  CdS  unit"  are  in 
the  range  of  10-28  esu  which  is  very  large.  And  the  P  values  are  different  for  CdS  nanoparticles  with  different  surfaces. 
Further  studies  show  that  the  CdS/SC(NH2)2  nanoparticle  has  strong  multi-photon  fluorescence  (MPF)  emission  under  the 
radiation  of  1064  nm  so  the  large  signal  at  532  nm  is  mainly  from  the  MPF.  But  for  Cd2+-rich  and  S2--rich  CdS  nanoparticles 
the  MPF  are  relatively  weaker  at  532  nm.  These  experiments  reveal  that  the  HRS  or  MPF  signals  are  very  sensitive  to  the 
changes  of  the  nanoparticle  surface  and  can  provide  useful  information  about  the  nanoparticle/solution  interface.  They  also 
give  the  evidences  proving  that  surface  termination  of  the  crystalline  lattice  that  creates  a  condition  of  non-centrosymmetry 
is  contributing  to  the  large  p  value  for  CdS  nanoparticles. 

Keywords:  CdS  nanoparticle,  semiconductor  quantum  dots,  nanoparticle  surface,  nanoparticle/solution  interface,  Hyper- 
Rayleigh  scattering  (HRS),  multi-photon  fluorescence  (MPF),  two-photon  fluorescence  (TPF),  first-order 
hyperpolarizability  (p),  second-order  nonlinear  optical  property,  nonlinear  optics  (NLO) 

1.  INTRODUCTION 

With  the  development  of  modem  integrated  microelectronics  and  opto-electronics  techniques,  the  functional  components 
become  smaller  and  smaller,  so  it  is  unavoidable  to  study  the  new  properties  and  phenomena  of  low-dimensional  materials 
and  systems.  During  the  last  decade  or  two,  research  on  nano-crystallite,  often  called  "quantum  crystallites"  or  "quantum 
dots",  has  developed  into  an  active  interdisciplinary  field  in  materials  science.1-4'  Semiconductor  or  metal  nanoparticles 
exhibit  interesting  optical  properties  due  to  the  confinement  of  the  electronic  wavefimctions,  the  drastically  changed 
surface-to-volume  ratio,  and  their  surface  conditions.  The  optical  properties  include  linear  absorption,  fluorescence  and 
electroluminescence  as  well  as  nonlinear  optical  (NLO)  properties  such  as  bleaching,  electro-optic  Stark  effect,  nonlinear 
absorption  and  nonlinear  fluorescence.  Many  workers  have  reported  that  semiconductor2, 5-10  or  metal11-13  colloid  particles 
doped  Glasses,  polymers  or  thin  films  show  high  optical  nonlinearity,  so  they  are  attractive  candidates  for  utilization  in 
optical  devices  such  as  optical  shutters,  optical  limiters,  phase-conjugate  mirrors  and  optical  transistors.  In  particular, 
commercial  glasses  doped  with  micro-crystallites  (100-1000A)  of  CdSxSe,.x  have  been  studied  most  extensively  because  of 
their  strong  nonlinearity,  the  absence  of  significant  carrier  diffusion,  and  their  relatively  fast  response  time.6-8  Up  to  the 
present  time  most  of  the  studies  in  published  papers  about  the  NLO  properties  of  quantum  crystallites  were  concentrated  on 
the  third-order  nonlinearity  x<3)  or  y.  It  is  usually  believed  that  the  centrosymmetry  or  near-centrosymmetry  structures  of  the 
ultra  small  particles  eliminate  their  %(2)  values  to  zero  or  near  zero.  And  for  a  long  time  it  remains  a  problem  to  directly 
study  the  second-order  NLO  properties  of  such  nanoscale  particles  by  conventional  NLO  techniques. 

Recent  advances  in  lasers  and  optical  detection  systems  have  led  to  the  invention  of  several  powerful  methodologies  for 
NLO  properties  probing  and  surface  characterization.  Among  these,  second-harmonic  generation  (SHG)  which  makes  use  of 
the  second-order  NLO  effect  has  received  much  attention,  because  of  its  simplicity,  surface  specificity  and  versatility.14-15 
SHG  techniques  have  been  widely  applied  to  chemical  and  electrochemical  interfaces  (including  monolayer  or  Langmuir- 
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Blodgett  film16),  where  they  have  proven  useful  for  evaluating  surface  second-order  nonlinear  susceptibility,  chemisorption, 
space  charge  properties,  surface  symmetry,  surface  dynamics,  and  molecular  orientation.15*  However,  because  of  the  finite 
coherence  length  for  the  required  incident  radiation,  practical  sample  size  limitation  (lower  limit,  about  an  order  of 
magnitude  less  than  the  wavelength  of  incident  light)  exists  for  this  conventional  coherent  SHG  approach.17  So  the  SHG 
technique  can  not  be  applied  to  the  microscopic  domain  of  nanoparticle.  Another  conventional  NLO  technique  is  called 
electric  field  induced  second-harmonic  generation  (EFISHG).  Just  like  SHG,  it  makes  use  of  the  coherent  optical 
phenomenon,  but  additionally  it  needs  an  external  static  electric  field  to  re-orient  the  chromophores  so  as  to  remove  the 
centrosymmetry.  This  method  is  rather  complicated  and  more  importantly,  it  can  neither  be  used  for  the  chromophores  that 
do  not  have  a  permanent  dipole  moment,  nor  the  species  with  charge.18 19  For  a  nanoparticle  it  usually  do  not  possess  a 
stable  permanent  dipole  moment  so  it  can't  be  oriented,  and  it  often  has  charges  on  the  surface  (according  to  the  synthetic 
method)  which  might  cause  migration  or  even  aggregation  under  the  applied  electric  field. 

Recently,  a  few  workers  make  use  of  the  newly  developed  Hyper-Rayleigh  scattering  (HRS),  i.e.  the  incoherent  harmonic 
light  scattering  technique  to  study  the  second-order  NLO  properties  of  metal  colloid  nanoparticle  or  insulator  nanoparticle 
Si02.17*  We  are  also  carrying  out  some  studies  on  the  second-order  NLO  properties  of  semiconductor  nanoparticles 
especially  the  II- VI  semiconductor  nanoparticles.20'  Results  of  the  initiatory  work  may  prove  that  surface  termination  of  the 
crystalline  lattice  creates  a  condition  of  non-centrosymmetry  in  a  nanoparticle  observable  by  HRS,  so  it  can  account  for  the 
large  "per  particle"  first-order  hyperpolarizability  values  p.  Further  studies  show  that  the  situation  is  more  complicated  and 
we  will  discuss  it  in  section  3.2.  As  for  the  incoherent  HRS  technique  we  are  using  here,  its  model  relies  on  the  random 
fluctuations  of  the  chromophore  density  or  chromophore  orientation,  which  instantaneously  break  the  centrosymmetry  of 
the  isotropic  media  in  the  microscopic  area  of  incident  laser  beam21  So  HRS  technique  is  not  constrained  by  the  orientation, 
charge  or  size  restrictions  as  mentioned  above.  In  this  paper,  we  report  the  new  studies  of  II- VI  semiconductor  CdS  colloids 
with  different  surfaces  in  water. 


2.  EXPERIMENT 

Three  kinds  of  CdS  nanoparticles  were  prepared  in  aqueous  solution  by  colloidal  solution  method.  When  a  dilute  Cd2+ 
solution  is  mixed  with  S2‘  solution,  solid  CdS  will  be  precipitated  under  thermal  equilibrium  because  CdS  is  not  so  soluble 
in  water.  Here  the  starting  materials  were  Cd(N03)2  and  Na2S  solution.  For  CdS  nanoparticles  with  Cd2+-rich  or  S2~-rich 
surface,  we  did  not  add  any  stabilizing  agent  so  the  system  was  simple,  and  there  were  no  disturbance  signals  from  the 
stabilizing  agents  in  the  experiments.  The  molar  ratio  of  Cd2+:  S2'  was  1:0.6  and  0.6:1  for  Cd2+-rich  and  S2-rich  colloid 
respectively.  Some  of  the  excessive  ions  would  be  adsorbed  onto  the  surfaces  and  they  could  prevent  the  aggregation  to 
some  extent,  because  of  the  repulsive  force  between  the  nanoparticles.  The  thiourea  SC(NH2)2  was  added  to  the  Cd2+- 
containing  solution  to  prepare  the  SC(NH2)2-rich  CdS  nanoparticle.  The  molar  ratio  of  Cd2+:  S2 :  SC(NH2)2  was  1:0. 6:4,  the 
excessive  SC(NH2)2  acted  as  not  only  surface  modification  molecule  but  also  stabilizing  agent.  For  controlling  the  particle 
size  and  preventing  the  aggregation,  all  the  synthetic  procedures  were  carried  out  at  very  quick  mixing  speed  under  low 
temperature  and  in  stirred  solutions.  And  the  solution  concentrations  of  CdS  colloids  were  low  to  3.75x1 0-4  M  for  all  three 
samples.  We  will  use  CdS/Cd2+,  CdS/S2  and  CdS/SC(NH2)2  to  present  the  three  samples  in  the  following  text.  Before  next 
experiments,  all  colloid  samples  were  aged  in  darkness  at  cool  room  temperature.  The  aged  time  was  six  hours,  one  day  and 
two  days  for  CdS/SC(NH2)2,  CdS/S2‘  and  CdS/Cd2+  respectively.  All  the  samples  existed  stable  before  and  during  the 
following  experiments. 

Figure  1  shows  the  UV-visible  absorption  spectra  of  the  three  CdS  colloids  and  the  transmission  electron  microscopy  (TEM) 
image  of  the  CdS/SC(NH2)2.  The  absorption  spectra  for  the  three  samples  were  almost  the  same,  which  indicated  that  they 
were  almost  the  same  of  particle  size  and  size  distribution.  It  could  be  deduced  from  the  absorption  thresholds  of  the  spectra 
that  the  particle  sizes  were  about  5~6  m20.  The  TEM  image  also  revealed  that  the  mean  size  of  CdS/SC(NH2)2  particle  was 
about  5  nm  in  diameter  and  the  size  distribution  was  narrow,  and  for  CdS/S2'  and  CdS/Cd2+  the  TEM  images  were  similar. 
The  transmission  electron  diffraction  pattern  showed  that  the  CdS  nanoparticle  aggregations  were  in  multicrystal  form  with 
the  cubic  zinc  blende  structure.  To  prove  that  these  CdS  samples  had  different  surfaces  we  measured  their  fluorescence 
spectra.  The  fluorescence  emission  of  naked  CdS  colloids  CdS/S2-  or  CdS/Cd2+  was  very  weak;  the  emission  peak  was  about 
620  nm  But  for  CdS/SC(NH2)2  colloid,  the  fluorescence  was  much  stronger  and  two  new  fluorescence  emission  peaks 
emerged  around  400  nm:  one  was  at  371  nm,  the  other  was  at  467  nm.  From  the  fluorescence  spectrum  of  CdS/SC(NH2)2 
colloid,  we  found  that  the  intensities  of  the  new  peaks  were  much  higher  than  its  peak  in  the  red  area,  which  indicated  that 
the  surfaces  were  capped  well  with  SC(NH2)2.  In  addition,  we  studied  the  concentrated  powder  samples  from  CdS/SC(NH2)2 
colloid  by  infrared  (IR)  absorption  spectroscopy,  which  also  proved  the  obvious  existence  of  Cd-S  coordinate  linkages  on 
the  surface.  So  the  three  CdS  samples  were  successfully  synthesized  with  different  surfaces  and  a  small  size  of  5-6  nm. 
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(a)  (b) 

Figure  1.  (a)  The  UV-visible  absorption  spectra  of  three  CdS  colloid  samples  in  water  with  the 
same  molar  density  of  3.75X1Q-4  M.  (b)  The  TEM  image  of  the  CdS/SC(NH2)2  nanoparticle. 


In  the  HRS  experiments,  samples  with  different  concentration  were  obtained  from  the  stock  standard  colloid  solutions  by 
successive  dilutions.  The  measurements  were  performed  by  using  a  setup  similar  to  K.  Clays’s  (see  Figure  2).21  The  incident 
beam  of  a  Q-switched  Nd:YAG  laser  (Continuum  Surelite  II)  at  1064  nm  operating  at  5  Hz  with  8-10  ns  pulse  width  was 
focused  into  a  5-cm  glass  cell  with  the  pulse  energy  lower  than  1  mJ.  A  532  nm  (12  nm  bandwidth)  interference  filter  was 
used  at  the  entrance  to  the  photomultiplier  tube  (PMT)  to  prevent  any  luminescence  of  the  sample  at  other  wavelength  from 
reaching  the  detector.  The  signals  from  the  PMT  were  analyzed  with  a  microprocessor-based  boxcar  integrator  (EG&G 
4400,  4402)  which  was  triggered  by  the  Q-switch  of  the  laser. 


Figure  2.  Setup  for  the  HRS  experiment 

ASL:  aspheric  lens  condenser, 

B:  beam-stop,  BS:  beam-splitter, 

CCM:  concave  mirror, 

HW:  half-wave  plate, 

INT:  interference  filter, 

LPF:  low  pass  filter, 

MI:  mirror,  ND:  neutral  density  filter, 

P:  polarizer,  PCL:  plano-convex  lens, 

PD:  fast  photodiode, 

PMT:  photomultiplier  tube, 

REF:  reference  signal,  RG:  high  pass  filter, 
SYN:  synchronization  signal. 


For  multi-photon  fluorescence  (MPF)  experiment  the  setup  was  the  same  as  the  HRS  setup  but  we  replaced  the  532  nm 
interference  filter  by  a  series  of  interference  filters  at  different  wavelengths  in  the  range  from  5 1 3  nm  to  63 1  nm. 


3,  RESULTS  AND  DISCUSSION 
3.1.  Hyper-Rayleigh  Scattering  Experiment 

HRS  experiment  allows  for  the  direct  assessment  of  sample’s  first-order  hyperpolarizability  p  in  multi-component  systems  if 
P  for  other  components  has  been  previously  established.  It  is  called  the  internal  reference  method  (IRM).  If  the  incident 
intensity  is  I®,  then  the  frequency-doubled  light  (I2®)  observed  for  a  two-component  system  can  be  described  by  eq  (1)  for 
low  solute  concentration19'21  as  following: 

I2®  =  G  ( Nj<  Pi2>  +  N2  <  p22>  )  ( I®) 2 .  (1) 

In  eq  (1),  N  is  number  density  of  each  component,  G  is  a  constant  parameter  for  low  solute  concentration  that  encompasses 
collection  efficiencies  as  well  as  local-field  correction  factors,  subscriptions  1  and  2  denote  solvent  and  analyte  respectively, 
and  the  brackets  indicate  the  orientational  averaging.  N,  is  constant  for  low  solute  concentration  and  the  plot  of  N2  vs. 
I2®/(I®)2  yields  a  straight  line  of  slope  G<p22>  and  intercept  GN|<pj2>.  So  p2  can  be  obtained  from  the  slope  divided  by  the 
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intercept  when  is  known.  To  ascertain  that  the  results  of  our  measurements  are  consistent  with  the  accepted  data,  we  have 
calibrated  our  experiment  by  using  para-nitroaniline  (p-NA)  dissolved  in  chloroform  as  the  sample.  And  we  obtained  the  (3 
of  p-NA  to  be  37  X  10*30  esu  in  the  density  lower  than  2  mM,  which  was  in  satisfactory  agreement  with  the  literature 
value.22' 


Molar  Density  (X  7.5  X  10"*  M) 

(a) 


(b) 


(c) 


Figure  3.  HRS  intensities  as  function  of  molar  densities  for  the  CdS  nanoparticles  in  water,  (a)  for  CdS/Cd2+ 
colloid;  (b)  for  CdS/S2'  colloid;  (c)  for  CdS/SC(NH9),  colloid. 


Shown  in  Figure  3  are  plots  of  the  concentration  dependence  of  the  HRS  intensity  from  CdS  colloids  at  pH=5.6~6.0.  As 
predicted  by  eq  (1),  the  signals  scaled  linearly  with  the  concentration  of  the  colloids.  From  the  linear  fitting  results,  the 
value  of  P  per  CdS  formula  unit  for  CdS/Cd2+  (from  Figure  3  (a))  was  determined  to  be  3.1  X  1028  esu  by  using  water  as  an 
internal  standard  (Pwater=0.56X  10'30  esu).17  This  P  value  is  very  large  in  comparison  with  commonly  studied  organic 
chromophore.  For  example,  it  is  larger  than  p- NA  by  about  eight  times.  Similarly  we  obtained  that  the  per  CdS  unit  P  value 
for  CdS/S2'  was  3.3  X  10'28  esu  (from  Figure  3  (b))  and  for  CdS/SC(NH2)2  was  1.03  X  10 27  esu  (from  Figure  3  (c)). 

The  foregoing  analysis  assumed  that  the  HRS  signal  originated  from  the  collective  effects  of  the  nanoscale  particle, 
especially  from  the  surface  molecules  with  highly  non-symmetry  because  of  imperfection  or  defect  of  the  surface  crystal 
lattice.  So  a  "per  particle"  P  value  is  more  suitable  for  assessment.  Here  we  estimated  that  one  CdS  nanoparticle  of  5~6  nm 
contains  about  1800  CdS  units.  So  the  "per  particle"  P  values  for  CdS/Cd2+,  CdS/S2"  and  CdS/SC(NH2)2  were  estimated  to  be 
1.3  X  10  26  esu,  1.4  X  10'26  esu  and  4.4  X  10*26  esu  respectively.  Considering  the  error  in  our  measurement  and  if  we  deducted 
the  error  we  could  only  say  qualitatively  that  the  p  value  of  CdS/S2'  was  slightly  larger  than  that  of  CdS/Cd2+.  We  know  that 
the  two  kinds  of  nanoparticles  were  synthesized  under  the  same  condition  and  by  the  same  chemical  method,  and  the  mere 
difference  was  the  kind  of  excess  ion  on  their  surfaces.  So  it  proved  that  even  small  change  of  the  surface  conditions  could 
give  an  observable  influence  on  the  HRS  signal,  i.e.  the  p  value.  And  it  is  believable  that  the  surface  termination  of  the 
crystalline  lattice  that  creates  a  condition  of  non-centrosymmetry  contributes  to  the  large  P  values  for  CdS  nanoparticles  by 
origin.  But  for  CdS/SC(NH2)2  the  P  value  was  somehow  too  large.  It  could  not  result  from  the  residual  SC(NH2)2  in  the 
solution,  because  we  had  measured  the  HRS  signal  from  the  no  colloids-containing  filtrate  and  found  that  the  signal  was 
negligible  by  comparing  to  that  of  the  CdS  colloids.  So  we  carried  on  multi-photon  fluorescence  (MPF)  experiments  to 
verify  if  there  existed  MPF  overlapping  on  the  HRS  signal  at  532  nm  wavelength. 

3.2.  Multi-photon  Fluorescence  Experiment 

The  multi-photon  fluorescence  (MPF)  experiment  was  performed  by  replacing  the  532  nm  interference  filter  by  a  series  of 
interference  filters  at  different  wavelengths  (about  15  nm  intervals)  in  the  range  from  513  nm  to  631  nm  All  the  signals  at 
each  measure  wavelengths  were  normalized  according  to  the  filters1  bandwidths  and  transmittances,  and  the  photomultiplier 
tube's  spectral  response  characteristic.  MPF  is  a  kind  of  NLO  phenomenon  higher  than  the  second  order.  For  example,  two- 
photon  fluorescence  (TPF)  that  absorbs  two  photons  at  once  and  emits  one  photon  of  higher  frequency  is  the  third-order 
NLO  phenomenon. 

Figure  4  shows  the  MPF  emission  spectra  of  CdS/Cd2+  and  CdS/SC(NH2)2  colloids  in  water.  The  MPF  spectrum  of  CdS/S2" 
was  similar  to  that  of  CdS/Cd2+.  Because  the  bandwidth  of  each  interference  filter  is  about  15  nm,  the  MPF  emission  spectra 
were  grossly  measured  and  couldn't  provide  delicate  substructures  of  the  spectra.  But  it  was  still  clear  that  the  MPF  spectral 
shapes  were  quite  different  from  their  linear  fluorescence  ones.  The  MPF  peaks  can  reflect  some  new  surface  energy  states, 
defect  states  and  coupling  modes  with  them  or  other  states  (acoustic  mode  is  one  example).  For  CdS/SC(NH2)2  colloid  the 
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Figure  4.  The  multi-photon  fluorescence  emission 
colloid;  (b)  for  CdS/Cd2+  or  CdS/S2*  colloid. 


for  the  CdS  colloids  in  water,  (a)  for  CdS/SC(NH2)2 


strong  MPF  at  532  nm  overlapping  the  HRS  signal  might  exceed  it  to  about  one  order  of  magnitude.  So  when  we  cut  off  the 
MPF  signal  from  the  HRS  signal,  the  "per  particle"  P  value  for  CdS/SC(NH2)2  would  decrease  to  1.3  X  10'26  esu,  assuming 
that  the  MPF  was  ten  times  of  the  HRS  signal  at  532  nm.  For  CdS/Cd2+  or  CdS/S2'  the  MPF  also  existed  with  a  different 
spectrum  shape  than  CdS/SC(NH2)2  (see  Figure  4),  and  the  fluorescence  intensity  was  much  weaker  at  the  same 
concentration  and  incident  laser  intensity.  We  assumed  that  MPF  at  532  nm  was  the  same  as  HRS  signal  in  amplitude,  so 
the  "per  particle"  p  values  for  CdS/Cd2+  and  CdS/S2'  decreased  to  9.2  X  10‘27  esu  and  1.0X  10‘26  esu.  If  we  want  to  get  more 
precise  p  values  for  them,  more  detailed  measurements  of  the  MPF  emission  spectrum  are  needed  with  spectrum  resolution 
high  enough.  And  sometimes  when  MPF  at  532  nm  is  very  strong  and  not  smoothly  changing  in  the  neighbor  wavelengths, 
the  true  P  value  may  not  be  able  to  be  obtained  through  the  mere  HRS  measurement.  One  reparative  way  to  overcome  the 
problem  is  to  select  a  suitable  incident  wavelength  to  minimize  the  fluorescence  at  the  second  harmonic  generation 
wavelength. 

Because  surface  perturbations  can  be  easily  accomplished  by  changing  the  pH  of  the  bulk  solution  with  addition  of  acid  or 
base,  we  also  carried  out  pH-dependent  experiment  to  study  the  relationship  between  surface  condition  and  HRS  intensity. 
We  found  that  the  HRS  signal  changed  remarkably  when  the  pH  was  different.  From  the  absorption  spectrum  we  excluded 
either  particle  aggregation  or  particle  dissolution  during  our  pH  adjustment,  so  the  change  of  HRS  signal  came  from  the 
change  of  the  particle  surface.  It  is  well  known  that  in  solution  the  particles  usually  have  electric-double-layer  structure  near 
their  surfaces  so  we  couldn't  exclude  that  part  of  the  signal  might  generate  from  the  coupling  with  the  %{3)  effect,  which 
combined  the  interfacial  static  electric  field  with  two  optical  fields.  We  need  further  studies  to  clarify  these  relationships. 
From  our  present  results  and  those  of  other  researchers17,  we  can  say  that  the  signal  arising  from  the  "particle"  first-order 
hyperpolarizability  effect  exists  and  takes  more  part  than  the  double-layer-based  x(3)  effect. 

4.  CONCLUSIONS 

We  had  synthesized  three  kinds  of  5-6  nm  CdS  nanoparticles  with  different  surfaces  successfully.  HRS  technique,  MPF 
spectroscopy  and  pH-dependent  experiments  were  performed  to  study  the  NLO  properties  of  them  in  water.  Although  the 
HRS  signals  are  mixed  with  the  MPF  and  the  signals  coupling  with  the  x(3)  responses,  if  we  deduct  these  unwanted  effects, 
we  can  see  that  the  true  HRS  signals  from  the  CdS  nanoparticles  are  still  very  strong.  Concentration-dependent 
measurements  show  that  the  "per  particle"  first-order  hyperpolarizabilities  p  for  CdS  nanoparticles  are  very  large  (in  the 
range  of  10'26  esu)  and  the  P  are  different  for  different  surfaces.  The  results  of  these  initiatory  studies  proved  that  surface 
termination  of  the  crystalline  lattice  creates  a  condition  of  non-centrosymmetry  in  a  nanoparticle  and  it  is  the  origin  of  the 
large  "per  particle"  p  value. 

In  conclusion,  HRS  technique  provide  a  new  tool  to  study  the  second-order  NLO  properties  and  symmetry  properties  of 
nanoscale  particles,  which  has  many  advantages  over  the  conventional  coherent  SHG  and  EFISHG  techniques.  It  also 
represents  a  powerful  methodology  for  interrogating  the  surface  chemistry  and  photo-physical  properties  of  these  materials 
because  the  HRS  signal  is  extremely  sensitive  to  the  surface  conditions  of  the  nanoparticles.  The  large  second-order  NLO 
responses  of  the  II- VI  semiconductor  nanoparticles  suggest  that  they  have  considerable  potential  in  NLO  applications  and 
opto-electronic  devices.  And  we  need  more  researches  to  investigate  and  improve  the  NLO  properties  of  these  nanoscale 
materials. 
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ABSTRACT 

Using  a  new  method  for  measuring  photorefractive  two-wave  mixing  gain,  we  present  the  first  experimental  demonstration 
of  nonreciprocal  energy  transfer  during  two-wave  mixing  under  an  external  magnetic  field.  The  nonreciprocal  energy 
transfer  is  observed  with  mixing  gains  approaching  164  cm'1  exhibiting  the  characters  of  nonlinearity  and  saturation.  A 
simple  model  of  negative  differential  mobility  and  ultra  fast  carriers  lifetime  was  proposed  to  explain  these  results. 

Keywords:  two-wave  mixing  gain,  quantum  wells,  photorefractivity,  magnetic  field 

1. INTRODUCTION 

As  a  new  coherent  amplifying  process  in  nonlinear  optical  field,  nonreciprocal  energy  transfer  between  two  coherent  laser 
beams  during  two  wave  mixing  in  photorefractive  not  only  makes  photorefractive  candidates  for  many  new  optical 
applications,  such  as  coherent  image  processing  and  amplification,'  but  also  provides  important  insights  concerning  the 
microscopic  properties  of  photorefractive  materials.  For  example,  this  technique  has  been  employed  in  the  study  of 
simultaneous  measurement  of  the  photorefractive  and  absorptive  grating  gain  coefficients  in  GaAs.2  Its  realization  requires 
a  photorefractive  phase  shift  between  the  interference  pattern  and  the  resulting  space  charge  distribution.  Therefore  it  is 
normally  forbidden  by  symmetry  in  longitudinal  stark  geometry  photorefractive  devices  because  the  carrier  transport  is 
perpendicular  to  the  holographic  grating  vector,  and  all  optical  changes  respond  locally  to  the  illumination.  Using  moving 
gratings,  I.Lahiri  et  al.  present  the  first  experiment  demonstration  of  nonreciprocal  energy  transfer  during  two-wave 
mixing.3  Their  method  is  based  on  the  idea  of  breaking  the  symmetry  by  using  the  moving  gratings.  It  suggests  us  that  only 
if  a  photorefractive  phase  shift  can  be  introduced,  we  can  make  it  possible  to  observe  energy  transfer  in  two  wave  mixing. 

I 

The  magnetic  field  has  been  used  in  the  study  of  some  photorefractive  materials,  such  as  to  obtain  hall  mobilities  of 
photoexcited  electrons  in  silienites  and  to  show  the  anomalous  room  temperature  conduction  in  GaAs  grown  by  molecular 
beam  epitaxy  (MBE)  at  low  temperature.4,5  But  nobody  before,  to  our  knowledge,  has  ever  exploited  it  in  the  stark 
geometry  photorefractive  device  to  create  nonreciprocal  energy  transfer.  The  basic  idea  of  our  attempt  is  create  this 
asymmetry  by  carrier  moving  under  the  magnetic  field. 

In  this  paper,  we  will  illustrate  the  characteristics  of  incident  light  intensity  dependent  diffraction  efficiency  in  stark 
geometry  multiple  quantum  wells  photorefractive  device  firstly,  and  then  discuss  the  conventional  methods  of  measuring 
two-wave  mixing  gain,  point  out  their  prerequisite  is  input  intensity  independence  of  diffraction  efficiency.  By  introducing 
a  new  method  for  measuring  photorefractive  two-wave  mixing  gain  and  using  an  external  magnetic  field,  we  present  the 
first  experimental  demonstration  of  nonreciprocal  energy  transfer.  The  nonreciprocal  energy  transfer  is  observed  with 
mixing  gains  approaching  164  cm'1  exhibiting  the  characters  of  nonlinearity  and  saturation.  At  last,  we  proposed  a  simple 
model  of  negative  differential  mobility  and  ultra  fast  carriers  lifetime  to  explain  these  results. 


*  Correspondence  Email:  mbe@aphy.iphy.ac.cn 


Part  of  the  SPIE  Conference  on  Photonics  Technology  into  the  21st  Century: 
Semiconductors,  Microstructures,  and  Nanostructures  •  Singapore  •  December  1999 

SPIE  Vol.  3899  •  0277-786X/99/$  1 0.00 


2.EXPERIMENT 


The  samples  used  in  our  experiments  were  grown  by  MBE  in  V80H  system  at  380  °C.  This  as  grown  sample  has  resistivity 
of  107Q  cm  .6  The  structure,  on  the  semi-insulating  (001)  GaAs  substrate,  is  as  follows:  500  nm  GaAs  buffer  layer,  50  nm 
AlAs,  and  a  100  period  multi-quantum  wells  of  4  nm  A\0iGa07As/&  nm  GaAs  which  were  sandwiched  between  150  nm 
Al03Ga0<7As  cladding  layers.  After  the  substrate  was  removed  using  the  selective  lift-off  technique,  the  epitaxial  layer  of 
5  x5mm2  was  put  on  a  piece  of  glass  on  which  the  electrode  and  the  insulating  layer  have  been  made  by  depositing  with 
ITO  and  SiNxOy.  The  final  step  is  bonding  another  electrode  on  the  surface  with  epoxy.  The  device  structure  is  shown 
schematically  in  figure  1 . 

2.1.  Incident  light  intensity  dependent  diffraction  efficiency 

We  have  found  in  experiment  that  the  electroabsorption,  and  therefore,  the  diffraction  efficiency  is  determined  not  only  on 
the  characters  of  device,  but  also  on  the  incident  light  intensity.  Using  the  standard  measurement  setup,  we  studied  the 
relation  of  the  incident  light  intensity  and  the  magnitude  of  electroabsorption  and  diffraction  efficiency.  The  behavior  of 
electroabsorption 
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Fig.  1 .  The  structure  of  stark  geometry  photorefractive  device  Fig.2.  The  electroabsorption  as  a  function  of  incident  intensity 

as  a  function  of  incident  intensity  is  shown  in  Fig.2.  As  described  above,  the  electroabsorption  peaks  at  a  certain  intensity  of 
incident  light.  We  defined  this  value  as  the  optimal  incident  intensity.  Too  large  incident  intensity  will  product  too  rapid 
generation  rate  of  photocarriers,  which  will  screen  the  changing  applied  field  in  no  times,  thus  the  electro-optic  layer  can 
not  sense  the  change  of  external  field.  On  the  contrary,  if  too  little  intensity  is  imposed,  it  can  not  accumulate  enough 
carriers  in  deep  level  due  to  their  trapped  lifetime.  There  is  a  finite  intensity,  which  defined  by  us  the  optimal  incident 
intensity,  will  lead  to  the  maximum  electroabsorption.  In  general,  it  is  not  only  related  to  the  characters  of  material  itself, 
including  concentration  of  deep  centers  in  trap  layers,  carrier  lifetime  in  electro-optic  layer,  but  also  connected  with  the 
external  condition,  such  as  the  strength  of  applied  field,  wavelength  of  incident  light,  and  etc.  The  optimal  incident  intensity 
of  this  sample  is  about  13.7  uwcm'2. 

2.2.  Method  of  two-wave  mixing  gain  measurement 

In  this  section,  we  first  describe  the  conventional  methods  of  measuring  mixing  gain  briefly,  and  point  out  its  prerequisite 
is  input  intensity  independence  of  diffraction  efficiency.  Which  is  not  the  case  in  stark  geometry  photorefractive  multiple 
quantum  wells.  And  then  we  introduce  a  new  method  of  two-wave  mixing  gain  measurement. 

2.2.1.The  discussion  of  the  conventional  methods 

Two  wave  mixing  gain  in  photorefractive  medium  has  been  studied  extensively  for  its  potential  in  many  applications. 
Contrary  to  transverse  geometry  photorefractive  device,  it  is  normally  no  gain  in  stark  geometry  due  to  its  symmetry. 
Because  the  carrier  transport  is  perpendicular  to  the  holographic  grating  vector  and  all  optical  changes  respond  locally  to 
the  illumination,  therefore  there  is  no  phase  shift  between  the  interference  pattern  and  the  refractive  index  grating.  In 
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I.Lahiri  et  al's  paper, 1  an  experimental  investigation  was  carried  out  to  obtain  mixing  gain  in  stark  geometry  photorefractive 
multiple  quantum  wells  (MQW)  using  moving  gratings.  The  definition  of  the  two  wave  mixing  gain,  in  terms  of  the  gain 
factor  yQ ,  is 7 


To  = 


(l  +  /?)expT  L 
/?  +  expT  L 


exp(-  a  L)  , 


(1) 


where  the  parameter  (3  is  the  input  intensity  ratio  of  the  signal  and  pump  beam,  the  gain  factor  y0 ,  defined  as  the  effective 
signal  beam  amplification,  and  L  is  the  interaction  length,  and  CC  is  the  linearly  absorption  coefficient. 

Experimentally,  it  is  normally  measured  as  the  ratio  of  the  intensity  of  signal  beam  after  propagating  through 
photorefractive  material  with  and  without  coupling.  8  In  the  case  of  longitudinal  geometry,  the  electric  field,  interference 
pattern  and  a  symmetry  break  down  method  that  create  phase  shift,  such  as  moving  grating,  are  the  three  basic  aspects 
product  the  two  wave  mixing  gain.  Therefore,  there  are  three  experimental  schemes  of  measuring  the  mixing  gain  as 
follows:  (1)  modulate  electric  field,  (2)  chop  the  pump  beam,  and  (3)  modulate  the  running  grating  or  the  magnetic  field. 

The  common  experiment  setup  is  a  photodetector  monitoring  the  signal  beam  intensity  after  propagating  through  the 
photorefractive  material  with  and  without  pump  beam.  This  in  fact  should  be  included  the  second  method.  The  pump  beam 
was  chopped  with  a  finite  frequency,  and  the  observed  signal  was  fed  into  a  lock-in  amplifier  and  recorded  by  a 
microcomputer. 


From  the  above  illustrated,  we  can  see  that  this  method  is  based  on  the  condition  that  the  diffraction  efficiency  is 
independent  on  the  total  optical  input  power.  Whereas,  the  situation  in  longitudinal  geometry  photorefractive  quantum 
wells,  is  on  the  contrary  as  we  illustrated  above.  The  electroabsorption  and  therefore  the  diffraction  efficiency  are 
dependent  crucially  on  the  beam  intensity,  which  determined  the  amount  of  carriers  to  screen  the  external  electric  field.  This 
leads  to  the  fact  that  the  zero  order  beam  also  has  contribution  to  the  change  of  Is  when  the  reference  beam  Ir  is  chopped 
mechanically.  We  can  obtain  a  so-called  gain  even  if  the  two  beams  are  non-coherent  by  this  method,  however,  it  is  not  true 
gain  of  two-wave  mixing.  Furthermore,  the  pump  irradiant  is  often  many  times  stronger  than  that  of  the  signal,  this  effect  is 
more  serious.  Therefore,  this  method  will  cause  an  obvious  error  in  two  wave  mixing  measurement. 


In  I.Lahiri's  article,  the  gain  is  defined  by  the  asymmetry  in  the  transmitted  intensity  when  both  beams  are  copolarized, 


r  = 


m 

T 

\2L J 

_l  7,°  J 

(2) 


where  I  "  is  the  transmitted  intensity  when  the  two  writing  beams  are  copolarized.  I  '  is  the  transmitted  intensity  when 

the  two  writing  beams  are  cross-polarized.  7°  is  the  transmitted  intensity  when  the  electric  field  is  turned  off,  L  is  the 
active  crystal  length,  and  the  subscripts  1  and  2  refer  to  the  two  writing  beams. 


We  consider  firstly  that  I  should  be  replaced  by  I  ""  ,  which  is  the  transmitted  intensity  that  when  the  interference 
pattern  is  still.  Based  on  the  author's  definition,  7  1  is  only  the  zero  order  transmitted  intensity  when  the  two  writing  beams 
cross-polarized,  7  is  the  output  when  two  beams  copolarized,  which  include  the  zero-order  and  symmetric  first  order. 

Secondly,  7  and  7  "  are  also  different  because  material  will  have  different  response  to  the  redistribution  of  intensity 
even  though  the  total  input  power  is  the  same. 

2.2.2.  Advantages  of  our  method 

In  contrast  to  the  conventional  two  wave  mixing  experiment,  The  experimental  setup  is  as  follows.  The  Spectra-Physics 
model  3900s  cw  Ti:  sapphire  laser  with  intensity  of  260  juwcm"2 ,  initially  tuned  to  an  operating  wavelength  of  842  nm  and 
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spiitted  into  two  incident  beams  with  the  same  intensity,  referred  reference  and  signal  as  Ir  and  Is,  respectively.  They 
interfere  on  the  device  surface,  say  x-y  plane,  having  both  polarized  perpendicular  to  the  plane  of  incidence.  Interacting 
with  the  photorefractive  grating  under  the  magnetic  field  along  x-axis,  up  to  0.5  T,  two  beams  are  diffracted  and  give  rise  to 
beam  coupling.  The  electric  field  across  the  photorefractive  quantum  wells,  i.e.,  along  z-axis,  is  modulated  by  a  square 
pulse  with  single  sided  50  %  duty  cycle  at  a  repetition  rate  of  500  Hz.  With  this  arrangement,  the  Hall  field  that  creates  the 
redistribution  of  the  drift  carriers  is  along  the  y  direction,  we  utilized  two  photomultiplier  tubes  (PMT's)  with  800  nm  long 
pass  filters  for  the  detection  of  the  transmitted  and  diffracted  signals  simultaneously,  recorded  by  a  TDS  360  oscilloscope. 
In  order  to  obtain  the  energy  transfer  value,  i.e.,  the  mixing  gain  precisely,  we  measured  the  intensity  difference  between 
two  beams  with  and  without  magnetic  field,  former  one  is  reference  as  noise  background,  because  the  two  beams  could  not 
make  exact  identical  experimentally. 

This  technique  has  obvious  advantages  as  compared  with  the  conventional  two-wave  mixing  technique.  As  is  mentioned 
above,  in  photorefractive  quantum  wells  there  exists  no  phase  shift  because  of  the  symmetry  of  the  stark  geometry.  When 
the  magnetic  field  is  turned  off,  the  intensity  of  the  transmitted  beams  includes  zero  order  beam,  Iso  and  Iro,  and  first  order 
diffraction,  Isl  and  Ir  1 ,  that  is 


Is,r  =  Is0,r0  +  Is„r,  (3) 

When  the  magnetic  field  is  turned  on,  because  of  the  redistribution  of  the  carriers  in  magnetic  field,  one  beam  is  amplified 
and  the  other  attenuated. 


IsB,rB  =  Is0B,r0B  +  Is]B,r1B  ±  energy  transfer,  (4) 

where  the  subscript  B  refers  to  the  magnetic  field.  The  intensity  of  zero  order  beams  would  be  changed  when  the  magnetic 
field  is  turned  on.  However,  the  effect  on  both  zero  and  first  beams  is  equal  due  to  the  same  intensity.  Thus  we  can  get  the 
mixing  gain  correctly  by  calculating  the  difference  between  IsB  and  IrB. 

3.RESULTS  AND  DISCUSSION 


Figure  3  shows  the  magnitude  of  the  mixing  gain,  which  is 
a  function  of  the  amplitude  of  the  applied  voltage  for  the 
four  different  magnetic  fields.  From  this  graph  the 
nonlinear  behavior  of  the  mixing  gain  for  each  given 
magnitude  of  the  magnetic  field  was  clear.  We  find  that  the 
gain  increases  rapidly  with  the  voltage  at  beginning, 
reaches  a  peak  and  drops  afterwards  for  larger  voltage.  We 
consider  that  the  gain  nonlinearity  is  dependent  on  carrier’s 
velocity  and  invoke  the  negative  differential  conductivity 
to  explain  these  results. 

3.1.  Nonlinearity 

For  simplified  analysis  ,  we  consider  that  A  n  is  constant 
because  it  is  slow  vary  with  electric  field.  The  increment  of 
mixing  gain  indicates  that  the  electric  field  across  the 
electro-optic  layer  increases  rapidly  with  the  increasing 
voltage  below  35  V.  The  maximum  carrier  defective 
distance  on  cladding  layer  (equals  to  the  radiance  of  r),  i.e., 
d  in  the  Fig  2(b),  increases  with  increasing  field,  because 
velocity  increase  within  the  range  of  the  positive 
differential  mobility.  When  the  differential  mobility  dv/dE 
vanishes,  the  electron  drift  velocity  saturates  and  the 
maximum  mixing  gain  can  be  attained  at  this  specific 


Fig. 3  Mixing  gain  as  a  function  of  the  applied  voltage  for 
four  of  magnetic  field. 
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applied  field.  The  slow  decay  contributes  to  the  reduction  of  the  averaged  velocity  of  carriers,  because  the  differential 
mobility  changes  to  negative  during  the  electric  field  increasing  continuously. 

The  transport  nonlinearity  is  important  feature  for  the  photorefractive  effect.  In  transverse  field,  just  this  transport 
nonlinearity  results  in  the  photorefractive  phase  shift.9  In  our  experiment,  it  would  be  to  reduce  the  response  time  of  the 
photorefractive  quantum  wells  by  choosing  the  maximum  drift  velocity.  Increasing  the  electric  field  continuously  can 
increase  the  diffraction  efficiency,  but  will  increase  the  device  response  time  because  of  the  slower  drift  velocity. 

The  mixing  gain  is  varying  inversely  with  the  magnitude  of  the  magnetic  field.  When  the  magnetic  field  decreases  from 
0.53  T  to  0.18  T,  the  mixing  gain  increases  from  94  cm*1  to  164  cm'1.  This  is  not  surprising,  since  it  is  already  known  that 
the  reduction  in  r  with  increasing  field  will  lead  to  the  reduction  of  drift  distance  d  which  would  show  by  the  decreasing  of 
mixing  gain.  There  is  no  contribution  to  the  gain  for  the  carriers  which  moving  radius  does  not  intercross  with  the  cladding 
layer,  because  they  can  not  be  captured. 

3.2.  Saturation 

Another  noticeable  phenomenon  is  the  saturation  of  the 
mixing  gain  against  the  magnetic  field.  We  can  estimate  the 
mixing  gain  maximum  with  the  following  parameters.  The 
electroabsorption  of  the  device  under  the  operating  conditions 
stated  above  approach  5000  cm*1,  which  corresponds  to  a 
maximum  change  in  the  refractive  index  of  0.03,  obtained 
through  a  Kramers- Kronig  analysis.  The  electro-optic  layer  is 
1.2  pm  thick.  Under  the  assumption  of  nonattenuation  of 
light,  we  predict  the  peak  mixing  gain  approaching  500  cm*1 

and  producing  a  photorefractive  phase  shift  of  7c/\0  through 

the  formula  2 7t  A«Z,sin^//i  .  It  is  clear  that  this  estimated 
value  is  much  larger  than  that  of  our  experimental  results. 

It  is  necessary  to  invoke  the  concept  of  carrier  lifetime  to  explain  the  difference  mentioned  above.  It  was  recognized  that 
low  temperature  growth  materials  would  have  ultra  fast  carrier  lifetimes  because  of  the  high  defect  densities.  Whereas  the 
sweep  out  time  of  carriers  will  last  33  ps  even  by  using  appropriately  designed  quantum  wells.10  Therefore  we  can  believe 
that  there  are  only  the  carriers  in  the  wells  within  a  given  distance  of  L  nearby  the  cladding  layer  will  contribute  to  the 
screening  field.  Using  the  relation  L  =  uEr  ,  and  note  that  the  relatively  slow  drift  velocity  of  carriers  in  low  temperature 
growth  GaAs,  yielding  an  upper  limit  for  the  cyclotron  radius  r  of  r  =  L.  The  magnetic  field  that  corresponds  to  the  radius  r 
=  L  can  be  named  as  a  threshold  magnetic  field.  The  gain  will  not  increase  when  the  magnitude  of  the  magnetic  field 
decreases  through  threshold.  The  best  way  is  to  use  AC  magnetic  field  instead  of  constant  one  to  do  this  experiment,  and 
then  we  can  obtain  more  information. 

To  identify  the  carrier  lifetime  responsible  for  the  saturation  of  mixing  gain,  we  note  that  a  DLTS  analysis  shows  carrier 
lifetime  of  our  material  to  be  5  ps,  which  should  produce  about  120  nm  distance.  Thus,  the  experimental  results  is 
considered  being  agreement  with  our  prediction  although  we  omit  many  complex  aspects  of  carrier  transport,  such  as  the 
periodic  potential  field  of  quantum  wells  and  the  nonuniformity  of  carrier  distribution  due  to  the  attenuation  of  the  light  in 
our  model. 


In  order  to  ascertain  the  data  discussed  above,  we  measured  the  gain  at  three  other  different  grating  periods.  Within 
experimental  uncertainties,  they  are  in  agreement  with  our  prediction. 

4.CONCLUSION 

In  this  letter,  we  report  the  first  experimental  demonstration  of  two-wave  mixing  and  nonreciproca!  energy  exchange  in 
longitudinal  field  stark  geometry  photorefractive  device  under  magnetic  field,  and  describe  a  new  method  for  measuring 
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photorefractive  two  wave  mixing  gain,  which  has  evident  advantages,  compared  with  the  conventional  technique.  Optical 
energy  exchange  is  observed  with  mixing  gains  approaching  164  cm'1  with  interesting  nonlinear  characters.  A  simple 
model,  concerned  negative  differential  mobility  and  ultra  fast  carrier  lifetime  was  presented  to  explain  this  phenomenon, 
which  not  only  qualitatively  explains  the  characters  of  mixing  gain,  but  also  agrees  with  the  experimental  results  in 
magnitude. 
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ABSTRACT 

The  stability  of  soliton  propagation  in  a  system  with  spectral  filtering,  linear  and  nonlinear  gain  is 
numerically  investigated.  Different  types  of  analytical  solutions  of  the  cubic  complex  Ginzburg-Landau 
equation,  namely  solutions  with  fixed  amplitude  and  solutions  with  arbitrary  amplitude,  are  presented.  Then, 
the  evolution  equation  is  solved  numerically  assuming  various  input  waveforms.  Our  results  show  that  it  will 
be  possible  to  achieve  relatively  stable  pulse  propagation  over  long  distances  by  the  use  of  suitable 
combination  of  linear  and  nonlinear  gains.  However,  truly  stable  propagation  of  arbitrary  amplitude  solitons 
can  be  achieved  only  in  a  system  with  purely  nonlinear  gain.  A  new  soliton  compression  effect  is 
demonstrated  both  for  fixed-amplitude  and  arbitrary-amplitude  solitons. 

Keywords:  Optical  solitons,  optical  communication  systems,  nonlinear  fiber  optics,  pulse  compression 


1.  INTRODUCTION 

Soliton-based  optical  communication  systems  are  attracting  considerable  attention  because  of  their  potential  for 
significantly  increasing  the  capacity  of  long-haul  lightwave  systems.  However,  considering  that  several  phenomena  can 
affect  soliton  transmission  through  practical  optical  fibers,  some  control  techniques  must  be  considered.  One  of  these 
techniques  is  based  on  spectral  filtering.  In  fact,  spectral  filtering  allows  the  soliton  amplitude  and  frequency  perturbations 

to  be  suppressed 1-4 ,  as  well  as  the  interaction  between  solitons  to  be  significantly  reduced  4-7  .  In  the  case  of  ultrashort 
solitons,  the  Raman  induced  soliton  self  frequency  shift  can  also  be  suppressed  by  the  action  of  narrow-band  filters  8,9 . 

However,  soliton  propagation  in  a  system  with  spectral  filtering  becomes  eventually  unstable  due  to  amplification 
of  linear  radiation.  This  amplification  is  determined  by  the  excess  gain  which  must  be  provided  to  compensate  for  the  loss 
that  solitons  suffer  at  wings  of  their  spectrum.  The  amplified  linear  waves  degrade  the  SN  ratio  and  if  their  power  grows 

comparable  to  that  of  the  soliton,  the  soliton  may  be  destroyed 10,11 . 

The  instability  caused  by  the  accumulation  and  amplification  of  the  background  linear  waves  can  be  suppressed 

by  sliding  the  center  frequency  of  filters  whereby  the  transmission  line  is  made  opaque  to  the  linear  waves  4'12 .  Another 
method  consists  of  using  nonlinear  gain  (the  amplitude-dependent  gain),  which  preferentially  amplifies  the  soliton  with 

large  amplitudes  while  the  linear  waves  with  small  amplitudes  are  unamplified  or  attenuated4,13,14.  Some  examples  of 
nonlinear  gain  mechanisms  are  fast  saturable  absorption,  nonlinear  polarization  or  nonlinear  optical  loop  mirror  switching. 

In  this  paper  we  analyze  the  characteristics  of  pulse  propagation  in  a  transmission  line  where  amplifiers  having 
linear  and  nonlinear  gains  and  narrow-band  filters  are  periodically  inserted.  In  Section  2  we  present  some  exact  analytical 
results  concerning  the  pulse  solutions  of  the  evolution  equation.  In  section  3  the  evolution  equation  is  solved  numerically 
assuming  various  input  waveforms  with  different  phase  profiles,  as  well  as  different  values  of  the  initial  soliton 
amplitude  and  width.  Finally,  Section  4  summarizes  the  main  conclusions. 
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2.  EXACT  ANALYTICAL  RESULTS 


The  pulse  propagation  in  optical  fibers  where  linear  and  nonlinear  amplifiers  and  narrow-band  filters  are 
periodically  inserted  may  be  described  by  the  following  modified  nonlinear  Schrodinger  equation  (NLSE)  if  the  insertion 

13—15 

period  of  these  devices  is  sufficiently  smaller  than  the  dispersion  distance  : 

i%+\^+\q\2q=i8q+i^^i+i£q\q^  (1) 

dZ  2  oT1  oT2 

where  Z  is  the  propagation  distance,  T  is  the  retarded  time,  q  is  the  normalized  envelope  of  the  electric  field,  /3  stands  for 
spectral  filtering  ( fi  >0),  6  is  the  linear  gain  or  loss  coefficient,  £  accounts  for  nonlinear  gain-absorption  processes. 

The  above  equation  is  known  as  the  cubic  complex  Ginzburg-Landau  equation  (CGLE)  and  it  is  known  in  many 
branches  of  physics,  including  fluid  dynamics,  nonlinear  optics  and  laser  physics.  This  equation  is  rather  general,  as  it 
includes  dispersive  and  nonlinear  effects,  in  both  conservative  and  dissipative  forms. 

We  will  assume  a  stationary  solution  of  Eq.  (1)  in  the  form: 


q(T,  Z)  =  a(T)exp{id  ln[a(7)]  -  icoZ) 


where  a(T)  is  a  real  function  and  d ,  (0  are  real  constants.  This  is,  obviously,  a  restriction  because  the  chirp  could  have  a 

more  general  functional  dependence  on  T.  By  inserting  Eq.  (2)  into  Eq.  (1),  the  following  solution  can  be  obtained  for 

m 15-17 
a(T) 

a(T)=-  Astch(BT)  (3) 

where 

A  =  f*2  <2 +  3 dpB2  (4) 


\Pd2+d-P 


and  d  is  given  in  the  form: 


3(1  +  2gff)  -  y9(l  +  2efrf_  +  8(g  -  yrf 
2(e  -  2p) 


On  the  other  hand,  we  have 

a__at-d'+w  m 

2  (d-P+fid2) 

Although  the  amplitude  profile  of  the  solution  (3)-(5)  is  an  hyperbolic  secant  as  in  the  case  of  the  NLS  solitons,  two 
important  differences  exist  between  the  CGLE  and  the  NLSE  solitons.  First,  for  CGLE  pulses  the  amplitude  and  width  are 
independently  fixed  by  the  parameters  of  (1),  whereas  for  NLSE  solitons  A=B.  The  second  difference  is  that  the  GL 
solitons  are  chirped. 
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It  can  be  shown  that  the  limiting  value  of  the  amplitude-width  product  AJB  for  the  fixed-amplitude  solitons 
coincide  with  the  value  C/D  on  the  line  (8).  This  shows  that  arbitrary  amplitude  solitons  can  be  considered  as  a  limiting 
case  of  fixed  amplitude  solitons  when  <5  -»  0.  However,  the  arbitrary  amplitude  solitons  have  stability  properties  different 
from  those  for  fixed  amplitude  solitons.  In  fact,  arbitrary  amplitude  solitons  are  stable  pulses,  which  propagate  in  a  stable 
background  because  <5=0. 


3.  NUMERICAL  SIMULATION  OF  PULSE  PROPAGATION 

In  this  section  we  consider  the  numerical  simulation  of  pulse  propagation,  by  solving  Eq.  (1)  using  the  split-step 
Fourier  method.  The  following  initial  waveforms  are  assumed: 
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(A)  q(Z  =  0,  T)  =  A  sec  /j(5r) , 


(13) 


(B) 

q{Z  =  0,  T)  =  A  sec 

h(BT) exp[-  id(BT)2  /  2] , 

(14) 

(C) 

q(Z  =  0,  T)  =  A  sec 

h{BT)txp(-id<t>) , 

(15) 

where 

Ubt)2  n, 

[\BT\- 1/2, 

\bt\  <  1 
\bt\  >  1 

(16) 

The  pulse  (A)  has  the  same  amplitude  and  width  as  (2), (3)  but  has  a  constant  phase.  The  pulse  (B)  has  a  linear  frequency 
chirp  whose  rate  is  identical  to  that  described  by  Eq.s  (2)  and  (3)  at  the  pulse  center.  In  the  case  of  pulse  (C),  the 
frequency  chirp  is  limited  to  ±  dB  to  approximate  the  tanh  frequency  chirp. 

Fig.  1  illustrates  the  variation  of  the  power  at  T  =  0,  P0=  J q(Z,  T  =  0)|2  for  =  0.15  and  /3  =  0.3  when  the 

nonlinear  gain  is  absent  and  the  linear  gain  coefficient  is  such  that  the  peak  amplitude  A  given  by  Eq.  (4)  is  unity.  The 
background  instability  is  significant  for  initial  pulses  (A)  and  (B),  becoming  clearly  more  pronounced  for  higher  values  of 
the  filtering  parameter  /3 .  In  fact,  the  initial  waveforms  (A)  and  (B)  correspond  to  different  deviations  from  the  stationary 
solution  given  by  Eq.s  (2)  and  (3).  The  background  instability  appears  due  to  the  amplification  of  the  frequency 
components  of  the  deviation  within  the  gain  bandwidth 


Fig.  1  -  Evolution  of  power  at  T  =  0  for  /3  =  0.15  (a)  and  yfl  =  0.3(b)  in  the  absence  of  nonlinear  gain.  The  curves  (A), 
(B)  and  (C)  correspond  to  the  initial  pulse  waveforms  given  by  Eq.s  (13)-(15). 
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Fig.  1  shows  that  merely  giving  a  linear  frequency  chirp  to  the  initial  pulse  is  not  effective  to  suppress  the 
background  instability.  The  period  of  oscillation  of  P0  is  approximately  equal  to  A  =  2# / |tf)| ,  indicating  that  the 

oscillation  is  caused  by  the  interference  of  the  pulse  solution  (2)  and  the  background  cw  radiation.  For  the  initial  pulse 
(C),  the  oscillation  amplitude  is  fairly  reduced,  because  in  this  case  the  deviation  from  the  stationary  solution  vanishes  at 
the  pulse  wings  as  well  as  at  the  pulse  center.  This  case  shows  that  the  instability  in  bandwidth-limited  soliton 
transmission  may  be  reduced  by  using  initial  pulses  well  matched  to  the  stationary  solution.  However,  this  will  be  an 
unrealistically  difficult  task  in  real  transmission  systems. 

Fig.  2  shows  the  effect  of  nonlinear  gain  on  the  evolution  of  the  power  P0  for  /3  =  0.15 .  The  initial  waveform  of 

(A)  with  constant  phase  has  been  used  and  the  linear  gain  coefficient  6  is  such  that  A  =  1.  It  can  be  seen  that  the 
background  instability  appears  when  the  nonlinear  gain  is  smaller  than  about  0.05,  whereas  an  almost  monotonic  growth  is 
observed  for  a  >  0.08 .  Between  these  regions  of  instabilities  there  is  a  range  for  the  nonlinear  gain  coefficient  within 
which  relatively  stable  pulse  propagation  can  be  achieved. 


Fig.  2  -  Evolution  of  the  power  at  T  =  0  for  several  values  of  the  nonlinear  gain  coefficient. 


Fig.  3  shows  the  evolution  of  the  power  at  T  =  0  for  initial  pulse  amplitudes  different  from  unity  when  the 
nonlinear  gain  coefficient  is  }  =0.07.  The  initial  pulse  is  given  by  rjstch(BT)  with  77  =  0.7,  0.9,  1.1  and  1.3. 
Although  some  initial  fluctuations  are  observed,  serious  instabilities  do  not  appear  within  the  considered  propagation 
distance.  The  fact  that  the  pulse  evolution  is  not  very  sensitive  to  the  initial  pulse  amplitude  is  desirable  for  the  present 
scheme  to  be  used  in  long-distance  transmission  systems. 

Fig.  4  shows  the  evolution  of  the  power  at  T  =  0  for  an  initial  pulse  amplitude  A  =  1  but  different  values  of  the 
initial  inverse  pulse  width  B.  Also  in  this  case  we  note  that  the  pulse  evolution  is  not  very  sensitive  to  the  initial  pulse 
width.  In  all  cases  considered  in  Fig.  4  the  pulse  evolves  toward  the  stationary  solution  given  by  Eq.  (2).  Moreover,  we 
can  take  advantage  of  this  behaviour  to  get  soliton  compression.  This  possibility  is  illustrated  in  Fig.  5,  where  we  show 
the  evolution  of  the  pulse  full  width  at  half-maximum  (FWHM),  normalized  by  its  initial  value,  for  the  same  cases  of  Fig. 
4.  Pulse  compression  is  achieved  for  the  cases  B  -  0.4,  0.6  and  0.8,  corresponding  to  values  of  the  initial  inverse  pulse 
width  lower  than  the  stationary  value  (B  =  0.97). 
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Fig. 3  -  Evolution  of  power  at  T  =  0  for  different  values  of  the  initial  pulse  amplitude. 


The  compression  effect  illustrated  in  Fig.  5  represents  a  new  soliton  compression  technique,  which  must  be  added 
19  20 

to  other  techniques  already  known  ’  .  However,  there  is  a  fundamental  difference  between  the  new  compression  effect 

and  the  traditional  one.  In  the  last  case,  the  compression  mechanism  is  related  to  a  fundamental  property  of  the  higher- 
order  solitons.  These  solitons  follow  a  periodic  evolution  pattern  such  that  they  go  through  an  initial  narrowing  phase  at 
the  begining  of  each  period.  By  an  appropriate  choice  of  the  fiber  length,  the  input  pulses  can  be  compressed  by  a  factor 
that  depends  on  the  soliton  order  N.  On  die  other  hand,  the  new  compression  effect  reported  in  this  paper  applies  to  the 
fundamental  soliton,  which  is  of  primary  importance  in  the  domain  of  optical  communications.  The  final  pulse  width  can 
be  defined  by  an  appropriate  choice  of  the  system  parameters. 


Fig.  4  -  Evolution  of  the  power  at  T  -  0  for  an  initial  pulse  amplitude  A  =  1  but  different  values  of  the  initial  inverse  pulse 
width#.  The  parameters =  0.15  and  £  =  0.07  are  assumed. 
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Fig.  5  -  Evolution  of  the  pulse  full  width  at  half-maximum  (FWHM),  normalized  by  its  initial  value,  for  the  same  cases  of 
Fig.  4. 


The  stationary  solutions  considered  in  Fig.s  3-5  correspond  to  fixed-amplitude  solitons,  whose  characteristics  are 
independently  determined  by  the  parameters  <5  ,  ft  and  £ .  Since  we  assumed  ft  =  015  and  £  =  0.07  ,  the  linear  gain 

was  positive  but  relatively  small  ( 6  =  0.001735 ),  so  that  the  background  instability  develops  slowly.  However,  to 
guarantee  a  truly  stable  propagation,  the  linear  gain  must  vanish  and  the  nonlinear  gain  coefficient  must  be  given  by  Eq. 
(8).  As  seen  in  Section  2,  in  this  case  the  system  supports  the  propagation  of  arbitrary  amplitude  solitons,  described  by 
Eq.s  (2)  and  (10)-(12).  The  amplitude-width  product  C/D  for  this  type  of  solitons  dependes  uniquely  on  the  filtering 
parameter  ft  ,  as  seen  from  Eq.  (11).  An  interesting  question  is  the  following:  what  happens  in  a  system  with  purely 
nonlinear  gain,  when  the  initial  amplitude- width  product  of  the  pulse  does  not  satisfy  that  relation? 


Fig.  6  -  Evolution  of  the  power  at  T  =  0  for  ft  =  0.15,  6  =  0 ,  and  £  =  £s  (given  by  Eq.  (8)).  We  assume  A  =  1  and  B  = 
0.4,  0.6,  and  0.8. 
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Fig.  6  illustrates  the  evolution  of  the  power  at  T  =  0  for  /3  =  0.15 ,  <5=0,  and  £  =  £s  (given  by  Eq.  (8)).  We 
assume  A  -  1  and  B  =  0.4,  0.6,  and  0.8.  We  observe  that  the  power  P0  increases  from  its  initial  value  P0  =  1  and  shows 

an  oscillatory  behaviour,  which  is  more  significant  in  the  initial  stage  of  propagation  and  for  lower  values  of  B  at  the 
input.  On  the  other  hand,  the  pulse  width  is  reduced,  as  shown  in  Fig.  7.  In  the  case  B  -  0.4,  a  soliton  compression  factor 
of  about  6  is  achieved.  The  oscillations  observed  in  Fig.s  6  and  7  evidence  that  the  forming  steady-state  pulses  are 

chirped.  On  the  other  hand,  the  study  of  the  final  soliton  shape  shows  the  perfect  sec  h2(BT)  profile,  while  the 

amplitude- width  product  satisfy  the  relation  (11).  Fig.  8  shows  the  initial  and  the  final  pulse  profiles  corresponding  the  the 
case  B  =  0.4 


Fig.  7  -  Evolution  of  the  pulse  full  width  at  half-maximum  (FWHM),  normalized  by  its  initial  value,  for  the  same  cases  of 
Fig.  8. 


Fig.  8  -  Initial  and  the  final  pulse  profiles  for  =  0.15,  £  =  0.07  ,A  =  1  and  B  =  0.4. 
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The  very  fact  that  arbitrary-amplitude  pulses  exist  is  important  for  many  applications  -  for  instance,  fiber  ring 
lasers  and  optical  transmission  lines.  The  results  show  that  at  some  values  of  the  parameters  the  system  can  be  switched 
from  the  regime  with  hard  excitation  (fixed  amplitude  pulses)  to  the  regime  with  soft  excitation  (arbitrary-amplitude 
pulses.  On  the  other  hand,  the  fact  that  the  pulse  evolution  in  the  fixed-amplitude  regime  is  not  very  sensitive  to  the  initial 
pulse  parameters  and  the  possibility  to  achieve  some  degree  of  pulse  compression  in  both  regimes  are  very  interesting 
features.  This  knowledge  is  important  both  for  avoiding  undesirable  effects  in  the  above  refered  devices  and  for  designing 
new  types  of  all-optical  switches. 


4.  CONCLUSIONS 

We  have  analyzed  numerically  the  stability  of  soliton  propagation  in  a  system  with  spectral  filtering,  linear  and 
nonlinear  gain.  Different  types  of  analytical  solutions  of  the  cubic  complex  Ginzburg-Landau  equation,  namely  solutions 
with  fixed  amplitude  and  solutions  with  arbitrary  amplitude,  were  presented.  The  arbitrary-amplitude  solutions  correspond 
to  stable  solitons,  which  exist  on  special  lines  in  the  parameter  space  where  solutions  with  fixed  amplitude  become 
singular. 


The  evolution  equation  was  solved  numerically  assuming  various  input  waveforms  with  different  phase  profiles, 
amplitudes  and  durations.  Our  results  show  that  merely  giving  a  linear  frequency  chirp  to  the  initial  pulse  is  not  effective 
to  suppress  the  background  instability  in  bandwidth-limited  soliton  transmission.  On  the  other  hand,  it  will  be  possible  to 
achieve  relatively  stable  pulse  propagation  over  long  distances  by  the  use  of  suitable  combination  of  linear  and  nonlinear 
gains.  However,  truly  stable  propagation  of  arbitrary  amplitude  solitons  can  be  achieved  only  in  a  system  with  purely 
nonlinear  gain.  A  new  soliton  compression  effect  was  demonstrated  both  for  fixed-amplitude  and  arbitrary- amplitude 
solitons.  In  spite  of  the  fact  that  the  compression  factor  is  not  very  high,  this  effect  can  be  useful  in  some  types  of  soliton 
systems,  namely  soliton  lasers  and  optical  transmission  lines. 
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ABSTRACT 


Nonlinear  absorption,  1-D  self-focusing  and  1-D  self-trapping  of  optical  beams  are  studied  in  150  ppm  Fe-doped  Bi12SiO20 
(BSO:Fe)  crystal  using  single  beam  Z-scan  technique  in  nano  second  regime  using  coherent  and  incoherent  laser  pulses  with 
out  applying  any  external  electric  field  across  the  crystal.  When  the  crystal  is  placed  in  expanding  beam  one  dimensional 
self-trapping  is  observed  due  to  one  dimensional  self-focusing.  The  nonlinear  absorption  is  also  observed  at  high  intensities 
due  to  trap  assisted  excited  state  absorption  as  well  as  two  photon  absorption.  The  ground  state  absorption  and  increased 
nonlinear  absorption  at  532  nm  and  595  nm  compared  to  pure  BSO  indicates  the  increased  impurity  traps  in  the  crystal 
lattice  due  to  iron  incorporation.  The  studies  reveal  that  incorporation  of  iron  in  BSO  making  it  an  excellent  optical  limiter. 

Keywords:  BSO:Fe  crystal,  self-focusing,  self-trapping,  optical  limiting,  Z-scan  technique,  excited  state  absorption,  two- 
photon  absorption. 


1.  INTRODUCTION 

When  a  single  light  beam  propagates  in  a  photorefractive  material,  the  inhomogeneous  intensity  profile  produces  an 
inhomogeneous  change  in  the  refractive  index.  The  profile  of  the  refractive  index  change  is  similar  to  a  graded  index  lens 
and  can  focus  (or  defocus)  the  beam  itself.  If  the  light  induced  lens  exactly  compensates  the  diffraction  of  the  beam,  it  leads 
to  an  invariant  intensity  profile  along  the  beam  propagation  direction.  This  light  profile  is  named  as  spatial  soliton  which  has 
important  applications  for  optical  beam  deflection,  optical  switching,  guiding  and  routing  and  in  all  optical  logic  operations. 
The  advantage  of  similar  devices  based  on  soliton  propagation  is  associated  with  the  fact  that  spatial  solitons  are  self-guided 
beams  giving  rise  to  perfect  waveguide  structures  which  in  turn  can  be  used  to  guide  another  laser  beam.  PR  materials  show 
self-focusing  at  very  low  optical  powers  which  makes  them  interesting  for  practical  applications.1,2 

The  dependence  of  the  structure  and  the  dimension  of  the  scattered  beam  on  the  position  of  the  crystal  from  the  focusing 
point  of  the  input  beam  is  studied.  The  results  show  that  the  light  induced  scattering  consists  of  basically  of  three  parts  :  self- 
defocusing,  self-focusing  and  speckle.  The  self  -defocusing  and  self-focusing  are  caused  due  to  light  induced  lensing.  The 
speckle  is  caused  mainly  by  the  light  induced  fluctuation  of  the  refractive  index  in  the  crystal.  In  1997,  Q.Sun  et.al.3  showed 
that  the  fanning  noise  in  LiNb03:Fe  crystal  just  depends  on  the  diameter  of  incident  light  on  the  front  crystal  face  and  have 
poor  relation  with  the  thickness  of  the  crystal  and  they  also  attributed  it  to  that  fanning  noise  is  mainly  caused  by  the 
amplification  of  the  scattered  light  by  the  imperfections  near  the  incident  crystal  face.  The  self-focusing  can  be  used  for  self¬ 
trapping  of  optical  beams. 

Self-trapping  of  optical  beams  in  nonlinear  Kerr  media  is  demonstrated  by  several  investigators  4-9  in  which  the  diffraction 
of  the  propagating  beam  is  exactly  compensated  by  self-focusing  (or  self-defocusing)  effect  caused  by  the  photoinduced 
change  in  refractive  index.  Alternately,  in  these  cases,  the  propagation  of  light  beam  is  in  the  form  of  so  called  spatial  soliton 
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in  which  the  beam  shape  is  spatially  confined  and  the  transparent  profile  is  preserved  through  out  the  media.10  However  the 
index  changes  needed  for  Kerr-like  spatial  solitons  require  high  intensities  often  exceeding  1  MW/cm2. 

Self-trapping  originates  from  a  variation  of  the  refractive  index  in  a  plane  perpendicular  to  the  propagation  direction  of  an 
optical  beam.  If  the  refractive  index  change  is  positive,  it  can  compensate  for  diffraction,  and  the  light  beam  propagates 
without  change  in  its  diameter.  This  effect  can  be  thermally  because  of  light  absorption,11'12  it  can  be  due  to  nonlinear 
susceptibility,13  or  it  can  be  due  to  light  induced  changes  in  photorefractive  crystals.14"15 

In  1992,  M.  Sagev  et  al16  suggested  a  new  type  of  spatial  soliton  that  is  associated  with  the  photorefractive  effect  in  the 
crystal.  The  intensity  profile  of  the  beam  modulates  the  refractive  index  by  means  of  photorefractive  (PR)effect,  which 
results  in  an  exact  compensation  for  the  effects  of  diffraction  and  causes  the  light  beam  to  propagate  with  an  unvarying 
profile.  These  PR  spatial  solitons  arise  from  the  nonlocal  PR  effect  rather  than  from  the  local  Kerr-effect.  They  can  be 
generated  even  at  moderate  light  intensities  since  the  efficiency  of  the  PR  effect  is  independent  of  the  absolute  light  intensity. 

.Self-trapping  of  coherent,  incoherent  and  white  light  beams  is  reported  in  the  literature17'19  using  ferroelectric  oxide  - 
strontium  barium  niobate  crystal.  One  dimensional  and  two  dimensional  self-trapping  is  also  achieved  in  same  family 
crystals  of  Fe-doped  KNb03  20-21  and  Fe-doped  LiNb03  22-23  and  in  semiconductor  like  InP:Fe24  using  only  coherent  light. 
The  first  observation  of  PR  bright  spatial  soliton  in  cubic  Bi12TiO20  (BTO)  crystal  of  sillenite  family  is  reported  by 
M.D.I.Castillo  et  al  25  and  subsequently,  same  group  reported  one  dimensional  dark  soliton26  as  well  as  the  observation  of 
interaction  forces  between  one  dimensional  spatial  solitons. 27  In  all  these  cases,  the  self-focusing  in  BTO  is  controlled  by  an 
external  applied  dc  voltage  and  with  external  uniform  illumination.  All  these  cases  a  coherent  light  beam  from  He-Ne  laser  is 
used. 

The  light  induced  absorption  due  to  the  photoinduced  charge  transport  has  been  studied  in  the  field  of  photorefractive 
nonlinear  optics  because  it  plays  an  important  role  in  the  construction  of  passive  optical  limiters  and  optical  threshold 
elements  in  the  optical  processing  systems.28-29  Optical  limiting  devices  are  currently  of  interest  for  protecting  sensors  and 
eyes  from  high  intensity  laser  light.  The  optical  limiting  function  requires  the  optical  output  power  to  be  clamped  bellow  a 
certain  critical  value  as  the  incident  optical  power  increases.  An  ideal  limiter  exhibits  a  linear  transmission  below  threshold, 
but  above  threshold  the  transmitted  output  power  is  constant.  Limiters  for  sensor  protection  demands  broad-band  response  to 
long  and  short  pulses,  high  linear  transmission  throughout  its  band-width,  resistance  to  laser  induced  damage  and  stability  of 
the  material.  Any  limiter  which  is  required  to  operate  over  a  wide  range  of  input  levels  must  exhibit  very  high  optical 
densities  at  the  highest  input  levels,  and  this  can  only  be  achieved  if  the  nonlinear  effect  extends  across  the  whole  of  the  laser 
pulse.  Nonlinear  material  can  interrupt  the  transmission  of  a  powerful  laser  pulse,  and  limit  the  output  to  safe  levels.  The 
protection  is  self-activating  and  normal  transmission  is  restored  after  the  pulse.  The  optical  limiting  devices  rely  on  one  or 
more  of  the  non-linear  optical  mechanisms,  which  includes  Excited  Saturation  Absorption  (ESA),  Two-Photon  Absorption 
(TPA),  Non-linear  refraction,  Induced  scattering  and  Photorefraction.30  Out  of  these,  ESA  and  TPA  mechanisms  can 
provide  a  response  resembling  that  of  an  ideal  optical  limiter. 

In  photorefractive  materials,  at  higher  input  intensities,  the  mechanism  of  charge  carrier  generation  and  transport  processes 
involve  impurity  levels  which  lead  to  the  greater  possibility  of  the  combined  effect  of  trap  assisted  excited  state  absorption 
(TAESA)  and  TPA.  Here  the  former  is  an  accumulative  non-linearity,  which  requires  time  for  energy  transfer  from  field  to 
medium  and  hence  can  be  in  principle  only  depends  on  the  input  light  fluence.  ESA  generally  arises  in  a  molecular  system 
when  the  excited  state  absorption  cross-section  is  larger  than  the  ground  state  absorption  cross-section.  The  later  is  an 
instantaneous  non-linearity,  which  depends  on  the  input  light  intensity,  can  be  effective  over  broad  band  of  the  spectrum  and 
for  very  short  pulses.  The  process  involves  the  absorption  of  a  photon  from  the  field  to  promote  an  electron  from  its  initial 
state  to  a  virtual  intermediate  state,  followed  by  the  absorption  of  second  photon  that  takes  the  electron  to  its  final  state.  The 
mechanism  for  TPA  can  be  thought  in  terms  of  the  three  level  reverse  saturation  absorption  model  for  the  case  where  the  life 
time  of  the  intermediate  state  approaches  zero  and  the  ground  state  absorption  is  extremely  low.  TPA  can  also  act  as  a 
significant  loss  mechanism  when  a  material  is  subjected  to  a  strong  beam  of  photon  of  energy  to,  with  to  <  Eg  <  2to, 
where  Eg  is  the  energy  gap  of  the  material. 

Wide  range  of  materials  like  semiconductors,31  Photorefractive  materials,32  conjugated  polymers33  and  dye  solutions34  with 
different  mechanisms  contributing  for  the  optical  limiting  have  been  investigated.  New  approach  of  enhancing  the  optical 
power  limiting  by  coupling  effective  TPA  in  one  molecule  and  ESA  in  another  molecule  has  been  reported  recently.35 
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In  this  paper,  we  report  the  first  experimental  observation  of  photoreffactive  self-trapped  one  dimensional  coherent  and 
incoherent  spatial  solitons  using  self-focusing  nonlinearity  in  another  potential  candidate  of  sillenite  family  ,  Bi12SiO20(BSO) 
doped  with  150  ppm  iron  as  impurity.  BSO:Fe  shares  the  similar  cubic  structure  as  Bi12TiO20  with  crystal  class  23,  has 
higher  melting  point  (884  OC)  and  the  transparency  range  (0.47  -  6  pm).  It  is  one  of  the  promising  PR  material  for  soliton 
observation  because  of  its  strong  photoreffactive  properties  like  high  sensitivity,  fast  response  time,  comparable  electro-optic 
coefficient  that  of  BTO  and  interesting  photoconducting  properties36'  due  to  the  increased  contribution  to  PR  effect  from  the 
donor  levels.  To  evaluate  the  potentiality  of  this  crystal  for  soliton  formation,  we  studied  self-focusing  and  self-traping  in  it. 
In  this  observation  it  has  noted  that  the  soliton  retain  its  profile,  which  is  independent  of  input  power,  instantaneous  after 
input  is  switched  on,  independent  on  external  applied  dc  electric  field  and  can  be  observed  at  low  light  powers  of  less  than  10 
pW  both  cw  and  pulsed  regime. 

In  BSO  the  standard  photoreffactive  effect  is  based  on  the  absorption  of  the  photons  by  impurity  levels.  One  can  improve 
the  performance  by  means  of  increasing  the  impurity  levels  by  doping.  Attard 37  predicted  the  Fermi  level  shift  in  BSO  via 
photon  induced  trap  occupation.  The  shift  of  Fermi  level  depends  on  the  density  of  trap  sites  in  the  bandgap,  the  radiation 
induced  occupation  density,  and  the  energy  levels  of  the  traps.  Investigations  reports  that  the  photoreffactive  materials  doped 
with  iron  leads  to  favorable  photoreffactive  properties  such  as  small  response  time  and  high  sensitivity.38 

In  this  paper,  we  also  studied  the  nonlinear  absorption  and  optical  limiting  behavior  of  BSO:Fe  exhibited  due  to  combined 
effect  of  trap  assisted  excited  state  absorption  and  two  photon  absorption  in  the  visible  spectral  range  using  nanosecond 
pulses  at  532  nm  and  595  nm.  An  excellent  passive  limiting  behavior  is  demonstrated  and  consequently  the  precise  role  of 
the  internal  defects  due  to  impurity  centers  exists  in  the  crystal  lattice  is  explained  on  the  basis  of  a  four  level  model. 
Theoretical  curves  are  generated  based  on  this  simplified  model  to  fit  the  experimental  data  to  determine  the  accumulative 
ESA  and  instantaneous  TPA  coefficients. 


2.  THEORY 

We  assume  all  donor  impurities  are  identical  and  have  exactly  the  same  energy  state  somewhere  in  the  middle  of  the 
bandgap.  These  donor  impurities  are  ionized  by  absorbing  photons.  As  a  result  ionization  electrons  are  generated  in  the 
conduction  band  leaving  empty  trap  states  behind,  which  are  capable  of  capturing  electrons.  The  impurities  due  to  the 
presence  of  Fe  atoms  may  be  the  form  of  Fe3+  or  Fe2+  states.  Photogeneration  process  produces  Fe2+  and  Fe3+  as 

Fe3+  +  ha - >  Fe2+  +  pv„  and  Fe3+  +  ha  - >  Fe3+  +  nCB 

The  nonlinear  absorption  processes  by  considering  the  combined  effect  of  excited  state  absorption  and  two  photon  absorption 
can  be  explained  using  a  four  level  model  of  valence  band,  impurity  traps,  conduction  band  and  deep  conduction  band.  The 


rate  equations  used  to  describe  the  processes  are  given  below. 

[  dN0 /  dt  ]  =  -  [  o0  IN0 / Sco  ]  -  [  pi2  / 2Aco  ]  +  [N,/t,]  +  [N3/t3  ]  (1) 

[  dN,  /  dt  ]  =  [  ct0 IN0 /ha]-  [N,/t,  ]  -  [ N,/Tct]  +  [ N2/t2  ]  (2) 

[  dN2  /  dt  ]  =  [pi2/2ftco]  -[N2/t2]  +  [o,IN3/7ico]  (3) 

[dN3/dt]  =  -[a,IN3/fta>]-  [N3/t3]  +  [N,/rct]  (4) 

Intensity  transmitted  through  the  sample  is  given  by 

[dl/dt]  =  -[o0IN0  ]-  [o,IN3  ]  -[pi2]  (5) 

with 

I  =  l00  K2  /  ffl2  (z)]  *  exp  [  -  ( - 12/  TP2 )]  *  exp  [  -  ( 2  r2/  co2  (z))]  (6) 


and 
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03  (z)  =  co0  {  1  +  (z  /  Zq  f  }*  ;  Zo  =  (7C(D02  /X) 

where  a0  is  the  absorption  cross-section  from  the  valance  band,  P  is  the  two  photon  absorption  coefficient  from  the  valence 
band  to  the  conduction  band  and  <j{  is  the  excited  state  cross  section  from  the  trap  levels  to  the  conduction  band,  Nj’s  are  the 
corresponding  populations  in  the  different  states,  t/s  are  the  lifetimes  of  the  excited  states,  Zq  is  the  Rayleigh  range,  g>0  is  the 
beam  waist  at  focus,  I  is  intensity  as  a  function  of  r,  t,  and  z,  is  peak  intensity  at  the  focus  of  the  Gaussian  beam,  Tp  is  the 
input  pulse  width  used,  and  l/xCT  is  the  crossing  rate  to  trap  states  from  the  conduction  band.  The  differential  equations  are 
solved  numerically  using  Runge-Kutta  fourth  order  method.  The  differential  equations  are  first  de-coupled  and  then 
integrated  over  time,  length,  and  along  the  radial  direction.  Assuming  the  input  beam  to  be  a  Gaussian,  the  limits  of 
integration  for  r,  t,  and  z  are  varied  from  0  to  to  +00,  and  0  to  L  (length  of  the  sample)  respectively. 


3.  EXPERIMENTAL 


3.1  Self-focusing  and  self-trapping  : 

We  used  single  -  beam  Z-scan  technique  to  investigate  experimentally  the  self-focusing  in  BSO:Fe  crystal  for  different  light 
intensities,  wavelengths,  external  electric  field  and  additional  homogeneous  illuminations.  The  charge  diffusion,  which 
would  produce  an  asymmetric  electric  field  and  refractive  index  profile  leading  to  the  one  dimensional  self-focusing  is 
studied  for  different  crystallographic  axes.  In  this  experiment  a  (110)  configuration  of  BSO:Fe  crystal,  grown  at  University 
of  Alambama,  USA  is  used.  The  amount  of  iron  incorporation  in  the  crystal  is  determined  by  Inductive  Coupled  Plasma  - 
Atomic  Emission  Spectroscopy  (ICP-AES)  which  has  shown  that  150  ppm  Fe  is  incorporated  in  the  crystal  as  impurity.  In 
principle,  during  the  growth  Fe  can  replace  Bi  as  well  as  Si  in  BSO.  But  from  ICP-AES  study  it  is  also  found  that  the  doped 
crystal  grown  from  melt  having  no  Si  deficit.  Hence  it  can  be  assumed  that  Fe  atoms  incorporated  only  on  the  Bi  sites  in  our 
sample.  The  lattice  parameters  of  both  pure  and  doped  BSO  are  studied  using  single  crystal  X-ray  diffraction  technique  and 
the  results  shows  that  the  lattice  constants  are  slightly  varied  due  to  doping  process  with  out  change  in  crystal  structure.  The 
sample  has  dimensions  of  6  mm  X  5  mm  X  3.5  mm  and  light  propagated  its  strongest  axis  initially.  The  sample  length 
corresponds  to  the  diffraction  length  of  a  Gaussian  beam  with  a  characteristic  waist  radius  ao  =  30  pm  of  the  input  beam  used 
in  the  experiment  (n  =  2.55).  An  undoped  BSO  crystal  bought  from  Fujian  Castech  Crystals  Inc.,  China  with  dimensions  of 
10  mm  X  10  mm  X  5  mm,  cut  along  <1 10>  plane  is  also  used  for  comparing  the  results.  The  basic  apparatus  consists  of  a 
cw  He-Ne  laser  (632.8  nm)  or  second  harmonic  of  pulsed  Nd:YAG  laser  (532  nm)  or  incoherent  dye  laser  pumped  by 
second  harmonic  of  Nd:YAG  laser  (peaked  at  595  nm)  as  the  incident  beam  source.  The  schematic  diagram  of  the 
experimental  set-up  is  shown  in  Fig.  1.  The  output  beam  from  a  laser  is  directed  onto  a  spherical  lens  of  focal  length  12  cm 
and  BSO:Fe  crystal  is  placed  along  the  focal  length  of  the  lens.  The  crystal  is  translated  along  the  focal  length  of  the  lens  (Z- 
scan)  and  the  emergent  beam  is  monitored  on  a  screen  placed  60  cm  away  from  the  focal  point.  The  beam  shape  and 
diameter  on  the  screen  are  measured  using  CCD  and  frame  grabber  assembly.  The  BSO:Fe  crystal  is  placed  in  such  a  way 
that  its  c-axis  is  in  the  horizontal  plane  and  along  the  direction  of  incoming  focused  light  beam.  The  polarization  of  incoming 
beam  could  be  varied  using  a  polarization  rotator  but  initially  kept  along  the  c-axis. 

When  the  crystal  is  at  focus  (Z  =  0),  no  change  in  the  circular  pattern  of  the  output  beam  on  the  screen  is  observed.  Only  the 
diameter  of  the  output  beam  is  increased  due  to  the  diffraction  of  propagating  beam  through  the  material  medium.  When  the 
crystal  is  translated  away  from  the  focus  (  +z  direction)  the  shape  of  the  output  beam  started  to  become  elliptical  with  a 
shrink  along  Y-axis  due  to  one  dimensional  self-focusing.  With  increase  in  the  translation  of  the  crystal  to  the  same  direction, 
the  ellipticity  of  the  output  beam  is  continuously  increased.  The  intensity  of  the  beam  is  also  increased  continuously  at  the 
centre  of  the  spot.  This  made  the  output  beam  pattern  elliptical  with  longer  axis  along  X-direction.  Same  effect  of  self- 
focusing  increased  the  size  of  the  output  beam  when  the  crystal  is  translated  towards  the  lens  from  the  focus  (-z  direction) 
and  the  intensity  of  the  output  beam  at  a  give  point  is  also  gradually  decreased.  As  a  result  the  beam  pattern  on  the  screen 
became  elliptical  with  longer  axis  along  Y-direction.  The  above  linear  variation  in  intensity  is  observed  only  in  case  of  low 
power  cw  beam,  but  with  high  input  intensity  pulsed  beams  the  nonlinear  absorption  became  apparent  and  the  output 
intensity  varied  nonlinearly  with  same  changes  in  the  shape  and  ellipticity  of  the  transmitted  beam.  Note  that  during  these 
translations  of  the  crystal  along  both  sides  of  the  focus,  the  size  of  the  output  beam  along  the  x-axis  has  not  been  affected  due 
to  self-focusing  or  defocusing  effects  (by  discarding  the  diffraction  effects).  This  change  in  the  ellipticity  of  the  beam 
emerging  from  the  crystal  (A-axis)  is  plotted  with  the  crystal  position  from  the  focus  and  is  shown  in  Fig.  2.  Fig.  3  shows  the 
shapes  of  output  beams  on  the  screen  along  three  crystallographic  directions  when  the  crystal  is  placed  at  different  points 
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along  z-direction  (z-scan).  When  the  light  beam  passed  through  the  C  and  C1  axis  the  output  beam  shapes  twisted  90°  as 
shown  in  Fig.  3  (a)  and  (b),  whereas  no  difference  observed  when  the  beam  passes  through  A  and  A1  axis  as  well  as  B  and  B1 
axis  (Fig.  3  (c)  and  3  (d)).  The  crystal  gives  rise  to  same  output  pattern  due  to  one  dimensional  self-focusing  with  other  input 
wavelengths  (cw  and  pulsed).  It  is  also  found  that  the  external  uniform  illumination  as  well  as  external  dc  electric  field  (up  to 
10  kV/cm  )  could  not  change  the  nature  of  self-focusing  and  hence  the  shape  of  the  output  pattern  on  the  screen.  No 
elliptical  shape  in  output  pattern  is  observed  in  case  of  pure  BSO  during  translation. 
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Fig.  1  :  Schematic  diagram  of  experimental  set-up  for 
self-focusing  study. 
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Fig  .2  :  Plot  of  change  in  ellipticity  of  output  beam  with 
crystal  position. 
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Fig.  3  :  The  shapes  of  output  beam  on  the  screen  along  three  crystallographic  directions  when  the  crystal  is  placed  at  different  points  along 
z-direction  (z-scan). 


3.2  Nonlinear  absorption  studies  : 

A  standard  single-beam  open  aperture  z-scan  technique  is  used  for  measuring  nonlinear  absorption  effect  at  different  input 
intensities.  Second  harmonic  (532  nm)  from  a  6  ns,  10  Hz,  Q-switched  Nd:YAG  laser  and  Nd:YAG  pumped  Dye  laser  output 
at  595  nm  are  used  for  the  study  of  nonlinear  absorption.  As  like  in  self-focusing  study,  no  external  electric  field  is  applied 
across  the  crystal.  Laser  beam  is  spatially  filtered  with  a  narrow  aperture  of  1  mm  diameter  and  the  beam  profile  is  taken  as 


410 


Gaussian  for  theoretical  modeling.  Neutral  density  filters  are  used  for  proper  attenuation  of  the  input  beam.  The  laser  beam  is 
focused  on  to  the  crystal  in  Z-scan  set-up  with  a  lens  of  focal  length  16  cm  leading  to  a  beam  waist  of  50  pm  at  the  focal 
spot.  Intensities  are  varied  from  5  MW/cm2  to  500  MW/cm2.  A  large  diameter  lens  is  used  for  collecting  the  transmitted  light 
and  focusing  effectively  on  to  a  photo  diode  detector.  Crystal  is  translated  across  the  focal  point  to  obtain  the  nonlinear 
absorption  data.  Normalized  transmittance  of  BSO:Fe  crystal  is  measured  as  a  function  of  sample  position  from  the  focus  at 
wavelengths  532  nm  and  595  nm  and  are  shown  in  Fig.  4  (a)  and  Fig.  4  (b)  respectively.  A  significance  decrease  in 
normalized  transmission  is  observed  when  the  crystal  approaches  the  focus  (z  =  0)  and  the  decrease  in  the  transmittance  is 
found  to  be  symmetric  with  respect  to  the  focus.  The  solid  lines  in  the  figures  represents  the  curve  from  our  theoretical  model 
calculated  using  equations  (1)  to  (5).  The  absorption  spectrum  of  BSO:Fe  is  depicted  in  Fig.  5  and  is  compared  with  pure 


Fig.  4  (a) :  Normalized  transmittance  of  BSO:Fe  at  532  nm  at 
intensities  200  MW/cm2  (A),  160  MW/cm2  (x),  105  MW/cm2(«). 


Fig.  4  (b)  :  Normalized  transmittance  of  BSO:Fe  at  595  nm. 
at  intensities  200MW/cm2  (o)  and  95  MW/cm2  (x). 


Energy  (eV) 


6.2  4.2  3.1  2.4  2.1  1.8 


Electron 

traps 


Valence  Band 
(a) 


Fig.  5  :  Absorption  spectrum  of  (a)  BSO:Fe  and  (b)  BSO.  Fig.  6  :  (a)  Band  energy  diagram  and  (b)  the  equivalent  four  level  model. 
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BSO  crystal.  The  energy  band  structure  and  the  equivalent  four  level  energy  level  diagram  used  to  explain  the  observed 
nonlinear  absorption  are  shown  in  Fig.  6  (a)  and  6  (b)  respectively.  Here  all  trap  levels  contribution  due  to  impurities  present 
in  the  crystal  are  assumed  to  be  arised  from  a  single  level.  The  nonradiative  decay  times  from  the  higher-lying  manifolds 
are  assumed  to  be  sufficiently  fast  with  respect  to  the  laser  pulse  duration  that  there  is  no  buildup  of  population  in  the 
conduction  band  (CB)  and  above.  This  assumption  is  justified  because  no  saturation  of  the  ESA  is  observed.  The  values  of 
two  photon  absorption  coefficient  (p)  and  trap  assisted  excited  state  absorption  coefficient  (c^)  are  estimated  at  different 
input  intensities  using  the  equations  (1)  to  (5)  through  least  square  fit  of  the  experimental  data  and  are  given  in  table  I. 

3.3  Optical  limiting  studies  : 

The  schematic  diagram  of  the  experimental  set-up  used  to  study  the  optical  limiting  characteristics  of  both  the  crystals  is 
shown  in  Fig.  7.  The  laser  pulses  are  focused  at  the  center  of  the  crystal  by  a  10  cm  focal  length,  2.5  cm  diameter  best-form 
lens,  giving  a  waist  spot  size  of  30  pm  and  40  pm  respectively  with  532  nm  and  595  nm  light  beams.  The  laser  beam  is 
spatially  filtered  with  a  narrow  aperture  of  1  mm  diameter  and  the  beam  profile  is  taken  as  Gaussian.  Neutral  density  filters 
are  used  for  proper  attenuation  of  the  laser.  No  external  electric  field  is  applied  across  the  crystal.  Optical  limiting  studies  as 
a  function  of  input  fluence  is  carried  out  at  both  wavelengths.  The  transmitted  energy  is  collected  by  5  cm  diameter  lens 
effectively  on  to  a  photodiode  detector.  This  geometry  afforded  essentially  total  integrated  energy  detection  to  overcome  any 
possible  change  in  the  spatial  properties  of  the  transmitted  laser  beam  owing  to  self-focusing,  self-defocusing,  or  thermal  lens 
effects.  Therefore,  the  measured  transmission  is  only  due  to  the  net  nonlinear  absorption  and  not  effects  due  to  an  induced 
refractive  index  change.  Incident  fluence  is  varied  using  the  combination  of  neutral  density  filters.  Using  a  beam  splitter, 
focusing  lens  and  photodetector  combination,  input  fluence  is  also  measured.  The  optical  limiting  response  of  BSO:Fe  at  532 
nm  and  at  595  nm  are  shown  in  Fig.  8  and  is  compared  with  that  of  pure  BSO  (Fig.  9).  The  linear  transmission  of  the  beam 
is  also  shown.  The  observed  laser  damage  threshold  in  case  of  pure  BSO  is  1.69  GW/cm2  at  532  nm  and  0.92GW/cm2  at  595 
nm  and  in  case  of  BSO:Fe  it  is  2.54  GW/cm2  at  532  nm  and  1.57  GW/cm2  at  595  nm  (indicated  by  an  arrow  mark  in  the 
figures). 


Fig.  7  :  Schematic  diagram  of  experimental  set-up  for  optical  limiting  study.  Ap  -  Aperture,  NDF  -  Neutral  density  filter. 

4.  DISCUSSION 

As  seen  from  the  plot  of  ellipticity  versus  the  position  of  the  crystal  from  the  focus  (Fig.  2),  when  the  crystal  is  nearly  4  mm 
away  from  the  focus  towards  +z  direction,  the  size  of  the  output  beam  on  the  screen  along  Y-axis  becomes  equal  to  the  beam 
size  on  the  screen  without  passing  through  the  crystal.  Thus  one  dimensional  self-trapping  is  achieved  by  compensating  the 
diffraction  of  the  beam  inside  the  crystal  by  one  dimensional  self-focusing  of  the  beam.  Here  unlike  reported  earlier  [7],  no 
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external  electric  field  is  applied  to  control  self-focusing  effect,  instead,  we  kept  the  crystal  in  a  diverging  field  to  control  the 
self-focusing  effect.  This  implies  that  one  dimensional  soliton  can  be  produced  very  easily  by  placing  the  crystal  in  a 
divergent  field  and  the  position  of  the  crystal  in  divergent  beam  depends  on  the  size  of  the  beam  at  the  focus.  The  Z-scan 
study  also  shows  that  in  BSO:Fe  crystal  the  refractive  nonlinearity  is  positive  unlike  LiNb03  and  KNb03.  The  observed 
prefocal  transmittance  minimum  followed  by  a  postfocal  transmittance  maximum  is  a  signature  of  the  positive  refractive 
index  nonlinearity. 

The  one-dimensional  self-focusing  in  BSO:Fe  can  be  explained  by  the  band  transport  model.  In  this  model,  when  the  light 
beam  propagating  through  the  medium,  the  electrons  from  the  donor  iron  impurities  are  excited  from  the  donor  level  in  the 
bandgap  to  the  conduction  band  where  they  can  migrate  as  free  carriers.  The  free  carriers  migrates  via  diffusion  or  drift  and 
are  recaptured  by  the  traps  where  they  are  transported  from  the  conduction  band  back  to  the  donor  level.  In  the  absense  of 
external  electric  field  the  charge  migration  will  be  only  in  the  form  of  diffusion,  which  would  produce  an  asymmetric  electric 
field  and  refractive  index  profile  leading  to  the  one  dimensional  self-focusing. 


Fig.  8  :  Optical  limiting  response  of  pure  BSO  at  Fig.  9  :  Optical  limiting  response  of  BSO:Fe  at 

532  nm  (•)  and  at  595  nm  (■).  D.J,  -  damage  threshold.  532  nm  (•)  and  at  595  nm  (■). 


Table  I :  P  and  c,  calculated  at  532  nm  and  595  nm  at  different  intensities. 


Wave  length 

Intensity  (MW/cm2) 

P  (cm/GW) 

Gj  (cm2)  *  10-20 

532  nm 

200 

92 

0.68 

160 

43 

2.91 

105 

13.6 

17.3 

595  nm 

200 

28.6 

1.85 

95 

26.2 

9.72 

15 

17.1 

24.68 
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The  absorption  of  both  crystals  is  extending  from  2.5  eV  to  3.6  eV  region.  The  origin  of  this  absorption  shoulder  is  still  a 
subject  of  controversy.  Silicon  vacancy  complex  has  been  suggested  by  some  to  be  the  responsible  defects,  while  others  have 
proposed  bismuth  substituting  for  silicon.  It  is  also  suggested  that  2.6  eV  band  in  BSO  is  due  to  Fe2+  ions.  It  appears  that  all 
BSO  crystals  even  undoped  contain  significant  amount  of  Fe3+  ions  which  can  easily  change  the  valence  state  upon 
illumination.  Therefore  further  incorporation  of  Fe  atoms  significantly  increases  the  density  of  trap  sites  and  the  drift 
mobility  of  charge  carriers  is  influenced  strongly  by  the  state  of  the  traps.  Due  to  the  incorporation  of  iron  to  BSO  crystal,  a 
fraction  of  Fe  atoms  introduced  probably  occupies  the  Bi-vacancies  and  combines  with  their  nearest  neighbors  in  the  same 
way  as  Bi-atoms.  Thus  isoelectrical  impurities  are  created.  Another  fraction  of  Fe-atoms  forms  shallow  donors.  At  high 
enough  irradiation  they  generates  free  electrons  into  the  conduction  band  and  fills  the  deeper  traps,  causing  a  Fermi  level 
shift  to  the  bottom  of  the  conduction  band.  On  the  other  hand,  the  electrons  generated  may  be  captured  on  deep  acceptors, 
playing  the  role  of  recombination  centers  which  may  be  situated  about  1.9  -  2.0  eV  below  the  bottom  of  the  conduction  band! 
Thus  it  is  found  that  the  incorporation  of  Fe  atoms  in  BSO  lattice  sites  leads  to  appearance  of  new  traps  as  well  as  creation  of 
new  “faster”  recombination  centers.  The  absorption  spectrum  of  doped  crystal  shows  a  comparatively  narrow  peak  at  2.1  eV 
as  well  as  a  broad  absorption  band  extending  into  the  infra-red  side.  The  long  tail  in  the  absorption  edge  of  both  crystals  goes 
all  the  way  to  700  nm  (1.8  eV).  This  implies  that  the  crystals  possess  large  number  of  trap  sites,  which  would  assist  the 
material  to  become  a  good  trap  assisted  reverse  saturable  absorber  (TARSA).  Thus  at  higher  input  intensities,  due  to  nano 
second  pulses  the  main  contribution  for  optical  limiting  comes  from  TPA,  assisted  by  TAESA.  The  observed  nonlinear 
absorption  which  leads  optical  limiting  can  be  explained  qualitatively  on  the  basis  of  four  level  model.  At  low  intensities,  the 
shallow  traps  are  empty  due  to  the  thermal  ionization.  With  increasing  the  intensity,  however,  the  concentration  of  charge 
carriers  in  the  conduction  band  (CB)  increases  and  due  to  the  recombination  with  shallow  traps,  the  trap  levels  become  active 
and  the  further  excitation  from  the  trap  levels  leads  to  TAESA,  which  takes  the  electrons  back  into  deep  CB.  When  the 
TAESA  cross-section  (a,)  is  greater  than  the  single  photon  absorption  cross  section  (ct0),  the  RSA  behavior  enhances  and  it 
adds  its  contribution  to  optical  limiting  along  with  TPA.  Further,  the  number  of  electrons  going  over  from  ground  state  to  CB 
via  TPA  depends  on  the  input  laser  intensity.  Intuitively,  at  higher  input  power,  TPA  starts  shooting  up  due  to  its  fastness 
compared  TAESA.  The  transfer  of  the  conduction  electrons  to  trap  levels  and  the  recombination  with  the  valence  band  (VB) 
holes  increases  with  the  number  density  of  excited  electrons  in  the  conduction  band.  Since  excitation  to  CB  is  proportional  to 
incident  intensity,  BSO  thus  forms  a  good  RSA  material.  In  case  of  doped  BSO,  due  to  the  availability  of  more  free  electrons 
and  also  trap  levels,  the  absorption  effect  is  pronounced  as  compared  to  pure  BSO.  One  can  also  see  from  the  optical  limiting 
curves  that  in  both  crystals  the  nonlinear  absorption  is  stronger  at  532  nm  than  at  595  nm,  indicating  the  dominance  of  the 
electron  transfer  from  the  conduction  band  to  the  trap  sites  and  then  the  excited  state  absorption  from  the  trap  sites.  Higher 
damage  threshold  at  532  nm  could  be  due  to  the  creation  of  more  charge  carriers  and  their  transport  under  local  fields.  The 
same  reason  accounts  the  higher  damage  threshold  of  doped  BSO  at  both  wavelengths.  The  additional  traps  and 
recombination  centers  due  to  iron  incorporation  to  BSO  makes  it  an  excellent  passive  limiter  with  exceptionally  high  damage 
threshold  in  visible  spectral  region  even  with  narrow  optical  pulses. 

5.  CONCLUSION 

We  have  observed  one  dimensional  self-focusing  and  self-trapping  of  both  coherent  and  incoherent  optical  beams  using 
photorefractive  BSO:Fe  crystal  both  for  transmitted  and  reflected  beam  from  the  outer  surface  and  this  demonstration  is 
independent  on  crystallographic  directions,  input  beam  polarization  state,  magnitude  and  direction  of  external  applied 
electric  field  and  external  incoherent  uniform  background  illumination.  Moreover,  the  process  is  found  to  be  instantaneous 
and  there  is  no  time  lag  between  input  beam  irradiation  and  self-trapping.  No  such  self-focusing  is  observed  in  pure  BSO 
crystal.  The  nonlinear  absorption  and  optical  limiting  behavior  of  BSO:Fe  crystal  are  also  studied  and  compared  with  that  of 
pure  BSO  against  a  high  power  pulsed  laser  source  with  out  application  of  any  external  electric  field.  Both  crystals  are  found 
to  have  a  very  strong  nonlinear  absorption  leading  to  optical  limiting  with  major  contribution  from  TPA  assisted  by  ESA 
from  the  trap  sites.  The  increased  trap  density  due  to  150  ppm  iron  incorporation  to  the  crystal  lattice  sites  improved  the 
nonlinear  absorption  nature  of  the  crystal..  Furthermore,  the  improved  characteristics  of  BSO:Fe  both  in  absorption  and 
damage  threshold  makes  it  an  excellent  optical  limiter  even  for  short  pulse  duration  and  high  energy  sources. 
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ABSTRACT 

Using  the  theories  of  photon  count  statistic  and  test  data  of  the 
ultraweak  photon  emission  (UPE)from  biological  system,  the  biophoton 
field’s  spectra  distribution  properties  were  studied  in  this  paper. 

An  experimental  setup  for  testing  UPE  in  different  spectral  region 
were  designed.  The  test  data  proved  UPE  of  living  biological  system 
exists  in  wide  spectra  region  from  UV-visible  to  infrared.  Using  the  test 
data,  we  can  obtain  important  conclusion  that  is  UPE  almost  has  nothing 
to  do  with  wavelength.  The  conclusion  has  important  significance  for 
proving  the  bio-photon  coherence. 

In  the  end  of  this  paper,  the  medical  applications  of  UPE  in  21st 
century  were  discussed  simply. 

Key  words:  Ultraweak  photon  emission  (UPE) ,  biophton,  photon  count 
statistic,  coherent  state, Gaussian  field,  spectral  region,  spectra 
distribution 
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1.  INTRODUCTION 


Because  of  the  ultraweak  photon  emission (UPE)  from  biological  system 
gives  the  important  information  of  metabolism  and  energy  tranformation 
of  the  living  biological  system  including  human,  so  that  UPE’s  research 
will  be  to  become  animportant  research  field  in  life  science1"6. 

This  paper  presented  the  view  point  about  the  biophoton  field 
elementally  belong  to  Gaussian  field, then  from  the  coherent  emission 
theory  and  some  test  data,  we  experimently  proved  the  UPE  from  biological 
system  indeed  exist  in  a  widly  spectral  region  from  UV-visible-infrared 
and  obtained  the  conclusion  about  UPE  of  biosystem  f  (x)  ** constant.  In  the 
end  of  paper,  the  medical  applications  of  UPE  in  21st  century  were 
disscused  simply. 

2.  UPE’S  SPECTRA  DISTRIBUTION  PROPERTIES 

2. 1.  About  biophoton  coherence 

F.  A.  Popp  presented  and  builded  the  biophoton’s  coherent  theory  on 
19887.  His  theory  could  explain  many  experimental  phenomenon  which  were 
not  explained  by  chemistry  luminescence  theory.  That  means  the  biophoton 
field  belongs  to  coherent  light  field. 

On  1998,  Zhu  Yanbin  at  al.  used  the  theories  of  photon  count  statistics 
to  analyze  the  test  data  of  UPE  from  four  biological  systems  (they  are 
respectively  Soy-bean,  Gonyau lax  Polyedra, Thai  land  Firefly  and  Aceta- 
bularia  Acetabulum  shown  in  Fig.  1),  then  presented  the  biophoton  field 
elemental ly  belongs  to  Gaussian  field  and  which  was  superposed  at  least 
by  two  independent  parts  of  photon  emission,  one  is  coherent  light  field 
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probobility  (n)  probability  (n) 


of  pure  coherent  state, another  one  is  chaotic  light  field  which  is  in 
heat  balancing  situation8. 


photon  number  n 


photon  number  n 


photon  number  n 


photon  number  n 


Fig.  1  The  photon  count  statistics  of  four  biosystem7. 

However  above  two  view  points  both  consider  that  the  coherent  light 
exist  in  UPE  from  biological  systems  and  the  coherent  photon  emission 
is  most  important  life  information  carrer  in  biophoton  field. 


2.2.  UPE’s  spectra  distribution  property. 

Up  to  now,  though  all  ultraweak  photon  emission  test  almost  were  down 
in  UV  and  near  UV’s  visible  region,  but  acoording  to  the  coherent  state 
theory  we  could  conjecture  the  ultraweak  photon  emission  from  biological 
system  will  also  exist  in  near  infrared’s  visible  region  and  infrared 
region.  So  that  we  have  to  design  the  experimental  setup  for  testing 
photon  emission  in  different  spectral  region.  Of  cause  the  range  selected 
of  spectral  region  was  limited  by  the  spectra  sensitivety  of  experimental 
setup. 

2.2.1.  The  experimental  setup  for  testing  UPE’s  spectra  distributon 
properties. 

A  schematic  diagram  of  the  experimental  setup  for  testing  UPE’s 
spectra  distribution  is  shown  in  Fig.  2 


Fig. 2  The  experimental  tetup  for  testing  UPE’s  spectra  distribution 
properties. 
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The  experimental  setup’s  spectra  sensitivety  region  is  from 
300nm-1060nm.  In  testiog  UPE  We  selected  three  kinds  of  colour  filter 
which  action  are  to  separate  the  all  spectra  region  in  to  several  parts 
as  following: 

(1)  All  spectra  region (From  300nm  to  1060mn); 

(2)  Visible-infrared  region  (From  400nm  to  1060nm); 

(3)  Red-infrared  region  (From  580nm  to  1060nm). 

2. 2. 2.  The  test  results. 

Two  kinds  of  bio-sample  were  tested:  Soybean  Bud  radicle  and  Greenbean 
radicle.  The  test  results  are  shown  in  Fig.  3  and  Fig.  4. 


Fig.  3  UPE’s  intensity  of  soybean  Bud  radicte. 
Curve  a — All  spectra  region; 

Curve  b — Visible-infra  region; 

Curve  c — Red-infra  region. 


f  8. 
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count  time(min) 

Fig. 4.  UPE’s  intensity  of  Greenbean  radicle. 

Curve  a — All  spectra  region; 

Curve  b — Vis ible-inf ra  region; 

Curve  c — Red-inf ra  region. 


3.  CONCLUSIONS  AND  SUMMARY 

From  Fig. 3  and  Fig.  4  we  can  obtain  the  following  conclusions: 

1), First  we  calculated  the  UPE’s  average  intensity  of  two  finds  of 
biosample  in  different  spectra  region  shown  as  Table  1. 


Table  1, UPE’s  average  intensity  in  different  spectra  region 


No 

Spectra  region 

UPE’s  Average  intensity (Counts/min) 

Soybean 

Greenbean 

1 

300nm  to  1060nm 

15.  9 

16.  2 

2 

400nm  to  1060nm 

10.  5 

8.  8 

3 

580nm  to  1060nm 

8 

7.  7 

422 


Then  we  can  conjecture  the  UPE’s  average  intensity  in  UV 
region  (300-400nm  region)  by  (1)  —  (2)  and  visible  region  (400-580nm  region) 
by  (2)  -  (3)  in  Table  1  for  each  biosample.  The  results  conjectured  are  shown 
as  Table  2. 


Table  2,  UPE’s  average  intensity  conjectured  in  uv  region  and  visible 
region  _ _ 


Spectra  region 

UPE’s  Average  intensity (Counts/min) 

Soybean 

Greenbean 

300nm  to  400nm 

5.  4 

7.  4 

400nm  to  580nm 

2.  5 

1.  1 

Above  data  indicated  that  UPE  indeed  exists  in  wide  spectra  region 
from  UV-visible  to  infrared. 


2)  ,  UPE  intensity  indeed  is  very  weak  photon  emission  and  its 
detection  is  very  difficult.  So  up  to  now,  through  all  UPE’s  test  almost 
were  down  in  UV  and  near  UV’s  visible  region.  But  acoording  to  above  test 
results,  we  could  conjecture  UPE  exists  in  a  wide  spectra  region  from 
UV-Vis ible-infra  region.  The  key  question  is  to  design  enough  sensitive 
detecting  system  in  wide  spectra  region  particularly  in  infra  spectra 
region. 

3)  ,  Above  test  results  also  has  an  important  significance  to  prove 
the  coherence  of  biophoton  field,  that  is  UPE’s  intensity  change  are  not 
too  big  in  different  wavelength  region,  so  we  can  approximately  consider 
that  UPE  of  living  biological  system  almost  has  nothing  to  do  with 
wavelength  A, namely 

f  ( A )  ^constant.  (1) 

K.  H.  Li  has  proved  theoretically  that  if  an  exciting  state  exciplex 
opened  want  to  keep  the  quasi-stabi 1 ity,  a  essential  condition  just  is 
f  (x)  ^constant9. 


This  conclusion  also  strongly  supported  the  theory  of  biophoton  field 


coherence. 


4.  UPE’S  APPLICATION  IN21ST  CENTURY 

Now  most  people  know  that  UPE  of  biological  system  carries  much 
important  information  about  metabolism,  energy  transformation,  growth 
and  health  of  the  living  animals  and  plants  including  human.  Many 
experimental  results  showed,  human’s  fingers,  human’s  blood,  human’s 
brain  etc.  are  the  biophoton  emission  resources.  So  a  new  kind  of 
diagnostic  technology  and  device  for  human  health  status  will  produce 
in  next  century.  A  key  technology  is  detecting  the  very  weak  coherent 
photons  which  exist  in  biophoton  field.  Because  of  the  heat  emission  also 
exists  in  biophoton  field,  it  will  add  much  difficult  in  detection.  At 
the  same  time,  people  also  have  to  understand  the  relationship  of  UPE’s, 
particularly  coherent  biophoton’s  emission  rule  and  human  health  status. 

Under  the  moderm  coherent  photon  technology  develop  by  leaps  and 
bounds,  the  high  sensitive  photon  detecter,  particularly  infra  photon 
detecter  have  got  extremely  improvement  and  the  heat  emission  photons 
were  filtered  and  disappered  in  photon  signal,  UPE’s  medical  application 
in  21st  century  will  get  new  and  fast  development. 
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ABSTRACT 

Amorphous  silicon-carbon-nitrogen  (a-SiCN)  films  prepared  using  the  industry-used  electron  cyclotron  resonance  chemical 
vapour  deposition  technique  at  room  temperature  for  photoconductive  detectors  are  systematically  investigated.  It  is  found 
that  the  film  quality  is  sensitive  to  the  preparation  conditions.  The  deposition  rate  of  the  films  is  found  to  increase  with  the 
microwave  power.  It  peaks  at  a  ratio  of  silane  to  the  mixture  of  silane,  methane  and  nitrogen  around  33%  and  at  a  radio 
frequency  (RF)  bias  of  100  V.  The  optical  energy  band-gap  of  the  films  increases  monotonically  with  the  gas  ratio  but 
decreases  with  RF  bias.  The  conductivity  of  the  materials  is  also  found  to  vary  with  the  preparation  conditions.  The  change 
in  the  energy  band-gap  and  conductivity  is  associated  with  the  change  in  the  incorporation  of  carbon  and  nitrogen.  The 
wavelength  in  the  range  of  0.65  to  0.45  micron  could  be  detected  by  controlling  the  deposition  conditions. 

Key  words:  Electron  cyclotron  resonance,  chemical  vapor  deposition,  and  photoconductive  detector. 


1.  INTRODUCTION 

Amorphous  hydrogenated  silicon  carbon  nitrogen  (SiCN)  alloys  have  been  attracting  great  interest  recently  due  to  their  new 
features  compared  to  those  of  crystalline  Si3N„  and  SiC  mixtures,  and  potential  applications  in  microelectronics  and  coating 
technology.  The  preparation  techniques  reported  for  such  alloys  include  laser  vapor  phase  reaction  of  hexamethyldisilazane 
(HMDS)  with  ammonia1,  plasma  polymerization  of  HMDS  in  an  electronic  discharge2,  reactive  magnetron  sputtering3,4, 
plasma-assisted  chemical  vapour  deposition  (PACVD)  using  SiH4-NH3-C2H4 5,6  or  [(CH3)2N]3SiN37  and  laser  ablation  of  a 
SiC  target  in  nitrogen  8  and  electron  cyclotron  resonance  plasma  vapor  deposition  (ECRCVD)9.  It  is  suggested  that  the 
promising  features  of  the  SiCN  alloy  are  likely  due  to  the  more  complicated  Si,  C,  and  N  atomic  chemical  environments 
than  a  mixture  of  pure  Si3N4  and  SiC  phase.  Gomez  et  al.  reported  the  structure  properties  and  bonding  formation9.  To  the 
best  of  our  knowledge,  little  has  been  reported  of  the  electrical  and  optical  properties.  In  this  paper  we  will  concentrate  on 
deposition  rate,  conductivity  and  transmission  properties  of  the  SiCN  alloys  deposited  using  an  ECRCVD  at  room 
temperature  under  different  conditions,  which  are  useful  for  their  potential  applications  in  optoelectronic  devices. 

2.  EXPERIMENTS 

The  SICN  alloys  studied  were  fabricated  using  an  industry-used  ECRCVD  system.  There  is  an  array  of  8  electromagnets 
surrounding  the  chamber  wall  to  control  the  shape  of  the  plasma  column  so  that  uniform  ion  current  density  near  the 
substrate  can  be  produced.  A  load  lock  chamber  and  a  high-speed  turbomolecular  pump  are  able  to  obtain  a  base  pressure 
below  10'5  mTorr.  The  plasma  was  formed  by  introducing  Ar  and  N  mixture  directly  into  the  resonance  zone  whereas  the 
reactive  SiH,  and  CH3  were  introduced  by  a  ring  located  closer  to  the  substrate.  The  substrate  holder  is  a  metal  box  filled 
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with  liquid  He  to  maintain  a  temperature  around  20  °C.  The  deposition  pressure  was  maintained  at  6  mTorr  in  all 
experiments.  Three  kinds  of  substrates  were  simertanously  used  for  film  deposition.  They  were  cleaned  ultrasonically 
before  been  introduced  into  the  system  and  were  further  cleaned  in  Ar  plasma  for  5  mins  to  remove  any  residual  oxide. 
Eleven  samples  were  deposited  under  different  conditions  and  the  details  are  shown  in  Table  I. 


Table  I.  Preparation  conditions  of  the  A-SiCN  alloy  using  ECRCVD  technique. 
The  gas  composition  ratio  is  defined  as  r  =  SiH4/(CH4+SiH4+N2). 


Sample  r 

Ar(sccm) 

N2  (seem) 

CH  4  (seem) 

SiH  4(sccm) 

Microwave  (w)  RF  power  (V) 

6 

9.0 

100 

70 

30 

10 

1000 

100 

5 

23.0 

100 

70 

30 

30 

1000 

100 

4 

33.3 

100 

70 

30 

50 

1000 

100 

7 

46.6 

100 

60 

20 

10 

1000 

100 

3 

83.3 

100 

10 

10 

10 

1000 

100 

14 

38.5 

100 

60 

20 

50 

1000 

0 

9 

38.5 

100 

60 

20 

50 

1000 

200 

10 

38.5 

100 

60 

20 

50 

1000 

300 

11 

38.5 

100 

60 

20 

50 

1000 

400 

12 

38.5 

100 

60 

20 

50 

750 

100 

13 

38.5 

100 

60 

20 

50 

500 

100 

The  film  thickness  was  measured  using  a  Dektak  on  a  step  formed  by  placing  a  mask  on  the  substrate  during  deposition. 
The  conductivity  measurements  were  conducted  in  a  custom-made  vacuum  chamber  with  the  sample  holder  variable  from  - 
100  to  400  °C.  The  optical  bandgaps  of  the  alloys  were  extracted  from  the  transmittance  and  reflectance  dada,  measured  by 
an  ultraviolet  to  near  infrared  Perkin-Elmer  Lambda  spectrophotometer,  using  Tauc  law. 

3.  RESULTS  AND  DISCUSSION 

Fig.  1  shows  the  deposition  rate  dependence  on  the  ratio  r,  defined  as  SiH4/(SiH4+CH4+N2).  The  films  were  deposited  at  a 
RF  bias  of  100  V  and  a  microwave  power  of  1000  W  with  the  ratio  r  varied  from  8  to  85%.  As  indicated  in  the  figure,  the 
deposition  rate  increases  with  r  and  reaches  a  maximum  at  an  r  of  33%.  It  then  drops  with  a  further  increase  in  r.  At  a  small 
r,  silane  content  is  relatively  low.  It  is  likely  that  the  decomposition  of  silane  enhances  the  deposition  rate  as  the  silane 
content  increases.  However,  when  the  silane  content  is  too  high,  some  of  the  excess  hydrogen  decomposed  from  silane  may 
etch  the  deposited  film  and  recompose  into  silane  and  methane  so  as  to  reduce  the  deposition  rate. 

The  effect  of  RF  bias  on  the  deposition  rate  is  shown  in  Fig.  2.  The  films  studied  were  prepared  with  the  microwave  power 
fixed  atlOOO  W  and  a  ratio  fixed  at  38.5%.  The  deposition  rate  increases  at  low  RF  bias  and  then  decreases  with  the 
increase  in  RF  power  after  a  maximum  at  100  V.  It  is  believed  that  the  initial  increase  in  the  deposition  rate  is  possibly  due 
to  the  enhancement  in  the  efficiency  of  decomposition  of  reacting  gases.  The  decrease  with  the  further  increases  of  RF 
power  is  likely  a  result  of  bombardment  of  high-energy  ions  on  the  substrate. 
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Fig.  1  Deposition  rate  as  a  function  of  gas  -phase  silane  composition.  Fig.  2.  Deposition  rate  versus  RF  bias. 


In  addition  to  the  deposition  rate,  the  effect  of  substrate  is  also  studied  by  a  scanning  electron  microscopy.  The  films 
studied  were  deposited  on  coming  glass  and  silicon  substrates  at  the  same  run.  The  micrographs  are  shown  in  Fig.  3  (a)  and 
(b).  It  is  seen  that  the  film  deposited  on  silicon  substrate  has  some  grains  involved.  The  film  deposited  on  glass  substrate, 
however,  is  amorphous  and  there  is  a  thin  transfer  layer  between  the  amorphous  layer  and  the  substrate.  This  observation 
indicates  that  the  substrate 


Fig.  3  Cross  sectional  micrograph  of  A-SiCN  films  deposited  on  (a)  Si  substrate  and  (b)  glass  substrate. 


We  now  look  at  how  the  electrical  properties  of  the  SiCN  alloy  very  with  the  deposition  conditions.  Fig.  4  shows  the 
conductivity  as  a  function  silane  composition.  It  is  interesting  to  find  that  the  conductivity  is  in  the  rang*  of  3.4  x  10'12  to 
5.4  x  1011  Qcm'1  and  does  not  change  significantly  over  the  composition  range  studied.  This  observation  indicates  that  the 
amorphous  SiCN  alloys  are  basically  insulating  materials  and  nitrogen  does  not  contribute  carriers  to  the  alloys  for 
electrical  conduction.  The  effect  of  RF  power  on  the  conductivity  is  shown  in  Fig.  5.  The  conductivity  is  about  4  x  10  ~7 
Qcm 1  for  the  films  deposited  at  0  RF  bias.  It  drops  drastically  as  the  RF  bias  increases  and  goes  up  again  at  a  RF  bias  of 
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300  V.  The  high  conductivity  at  0  RF  bias  responds  well  to  a  high  deposition  rate.  It  is  believed  that  the  significant 
difference  in  conductivity  is  not  due  to  doping  but  a  result  of  difference  in  the  nature  of  structure. 


Fig.  4.  Electrical  conductivity  of  the  a-SiCN  films  as  a  function 
of  silane  composition 


Fig.  5.  Conductivity  of  the  a-SiCN  films  as  a  function  of  RF  bias. 

Fig.  6  and  7  show  the  optical  bandgap  of  the  SiCN  alloys  as  a  function  of  silane  composition  and  RF  bias,  respectively.  The 
bandgap  increases  monotonically  with  silane  composition  while  it  decreases  monotonically  with  RF  bias.  It  is  well  known 
that  the  incorporation  of  hydrogen  enhances  the  bandgap  of  the  amorphous  silicon  based  material  by  lowering  the  valence 
band  of  the  material10.  As  the  composition  of  silane  increases,  the  concentration  of  the  decomposed  hydrogen  increases 
rapidly.  More  and  more  hydrogen  will  be  incorporated  into  the  film  as  the  silane  composition  increases,  resulting  in  an 
increase  in  the  bandgap.  As  far  as  the  effect  of  RF  bias  is  concerned,  the  drop  in  the  bandgap  is  believed  to  be  due  to  the 
high-energy  hydrogen  ions  which  not  only  etch  the  deposited  film  but  also  possibly  recombine  together  with  silicon  and 
carbon  ions  to  form  silane  and  methane.  The  reduction  of  hydrogen  due  to  the  recombination  will  lead  to  a  decrease  in 
bandgap. 
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It  is  reported  that  the  crystalline  SICN  films  deposited  by  microwave  plasma  enhanced  chemical  vapor  deposition 
(MWCVD)  at  a  high  temperature  (800  °C)  exhibit  a  hexagonal  structure,  where  the  Si  and  C  are  substitutional  elements  in 
the  network.  The  preliminary  lattice  parameters  a  and  c  are  5.4  and  6.7  A,  respectively11.  Such  material  can  be  used  in 
coating  applications.  However,  the  amorphous  SiCN  films  deposited  by  ECR  CVD  can  not  be  regarded  as  a  mixture  of  SiC 
and  Si3N4  but  as  some  intermediate  state9.  Our  other  results  have  drowned  similar  conclusion.  It  implies  that  the  films 
deposited  by  ECR  CVD  method  may  not  be  suitable  for  coating  application.  We  believe  that  the  structure  difference 
between  the  crystalline  and  amorphous  SiCN  films  is  mainly  a  result  of  substrate  temperature.  However,  the  amorphous 
SiCN  films  deposited  by  ECR  CVD  technique  are  possible  to  be  used  as  detectors.  The  bandgap  range  from  1.9  to  2.8  eV 
obtained  by  varying  silane  ratio  and  RF  bias  could  cover  all  visible  range,  including  blue  light. 
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Fig.  6.  Optical  bandgap  as  a  function  of  gas  -phase 
silane  composition. 
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Fig.  7.  Optical  bandgap  Eg  as  a  function  of  RF  bias. 


4.  CONCLUSION 

In  conclusion,  the  amorphous  SiCN  films  deposited  by  ECR  CVD  technique  were  characterized.  The  deposition 
rate  significantly  varies  with  deposition  conditions,  such  as  silane  ratio  and  RF  bias.  The  structure  of  the 
amorphous  SiCN  alloy  is  not  a  mixture  of  SiC  and  Si3N4  but  an  intermediate  state.  They  may  be  not  suitable  for 
coating  applications.  The  variable  bandgap  in  the  range  of  1.9  to  2.8  eV  of  the  alloy  by  varying  silane  ratio  and 
RF  bias  suggests  possibly  applications  for  detection  of  visible  light. 
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ABSTRACT 

It  has  been  studied  the  selective  InGaAs  quantum  dots  growth  on  laser-patterned  GaAs  substrate  by  atmospheric 
pressure  metal  organic  chemical  vapor  deposition  (APMOCVD).  We  have  patterned  the  samples  below  etching 
threshold  power  density  8.84  MW/cm2  by  argon  ion  laser  (514  nm).  The  depth  and  lateral  size  of  the  pattern  are 
about  8  nm  and  100  nm,  respectively.  The  QDs  (quantum  dots)  were  grown  on  AlGaAs  matrix.  The  formation  of 
QDs  on  the  matrix  can  be  obtained  a  wider  energy  gap  between  the  states  of  QDs  and  the  matrix  materials  than  on 
GaAs  matrix.  The  buffer  layer  consisted  of  a  0.6  urn  AlGaAs  matrix  layer  and  a  0.4  urn  GaAs  layer.  AlAs  mole 
fraction  of  AlxGa!.xAs  to  realize  graded  refractive  index  is  varied  from  0.05  to  0.35.  Structural  and  optical  properties 
of  InGaAs  QDs  were  studied  by  scanning  electron  microscope  (SEM),  atomic  force  microscopy  (AFM),  and 
photo  luminescence  (PL).  The  QDs  have  a  lateral  size  of  about  20  nm  and  density  of  3x1 010  cm"2.  Density  and 
uniformity  of  QDs  obtained  on  AlGaAs  matrix  are  superior  to  on  GaAs  matrix.  The  PL  peak  of  aligned  InGaAs  QDs 
is  observed  in  the  900  nm. 

Keywords:  selective  growth,  InGaAs  quantum  dot,  AlGaAs  matrix,  laser  pattern 

1.  INTRODUCTION 

The  selective  epitaxial  growth  is  an  attractive  technique  for  achieving  the  arrangement  of  QWRs  and  QDs  on  the 
substrate.  To  present,  the  strained  substrate1  and  the  surface  having  step  bunches2  have  been  employed  for  the 
selective  self-assembly  of  QWRs  and  QDs.  Self  organizing  QDs  due  to  S-K  growth  are  affected  by  the  strain  of  the 
underlying  layer3'6.  Therefore,  if  we  can  control  the  position  of  the  surface  strain  of  the  underlying  layers,  the 
selective  growth  of  self-organizing  QDs  can  be  realized  on  that  surface. 

Recent  significant  interest  in  the  formation  of  quantum  dots  is  the  arrangement  of  the  QDs  using  the  various 
patterning  techniques,  e.g.,  photolithography,  e-beam  lithography,  x-ray  lithography,  etc.  The  lithography  techniques 
have  demerits  of  many  processes,  complex,  expensive  cost,  etc.  But  laser  shallow  etching  technique  has  many  merits 
of  an  easy  controlling,  decrease  a  number  of  process,  cheap  cost,  no  damage  for  substrates,  and  so  on. 

In  this  paper,  InGaAs  QDs  were  grown  on  laser-patterned  GaAs  substrate  by  APMOCVD.  At  first,  we  have 
investigated  the  laser  etching  of  GaAs  substrate  at  below  a  threshold  etching  power  density.  The  laser-pattern 
technique  was  just  used  not  to  form  the  groove  but  to  give  a  stress  to  substrates.  In  other  words,  we  gave  the 
difference  of  strain  between  patterned  and  not  patterned  substrates.  InGaAs  QDs  were  formed  via  S-K  growth  mode3" 
6  on  the  strained  GaAs  substrate.  The  QDs  were  selectively  aligned  along  the  patterned  direction  on  the  strain 
distributed  GaAs  surface.  Structural  and  optical  properties  of  InGaAs  QDs  were  investigated. 
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2.  EXPERIMENTS 


2-1.  Laser-Patterning 

The  GaAs  substrates  were  cleaned  with  trichloroethylene  -  aceton  -  methanol  -  DI  water.  The  samples  were  mounted 
in  a  vacuum  chamber  with  a  quartz  window.  The  chamber  was  fixed  on  an  electrically  controlled  X-Y-Z  stage,  and 
then  evacuated  down  to  10'3  Torr  by  a  rotary  pump.  An  etching  gas  of  CC12F2  was  introduced  into  the  chamber 
through  a  needle  valve  at  a  pressure  of  760  Torr.  The  irradiation  was  carried  out  with  an  argon  ion  laser  operating  at 
514.5  nm.  The  beam  was  focused  by  a  microscope  objective  lens  (NA=0.4)  down  to  a  spot  diameter  of  about  1.2 
p  m  (at  1/e  intensity)  on  the  sample  surface  (see  Fig.  1).  The  laser  power  density  on  the  sample  surface  was  fixed 
below  the  etching  threshold  power  density  of  8.84  MW/cm2.  The  beam  was  scanned  on  the  sample  by  moving  the 
chamber  with  a  speed  of  100  p  m/sec.  The  patterned  profiles  were  observed  by  atomic  force  microscopy  (AFM). 
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Fig.  1.  A  schematic  diagram  of  laser  pattern  system. 


2-2.  Selective  QDs  Growth 

Our  growth  system  is  atmospheric  pressure  MOCVD  with  a  vertical  quartz  reactor.  All  the  patterned  samples  were 
degreased  in  organic  solvents,  cleaned  in  de-ionized  water  and  finally  blown  with  nitrogen.  The  metal-organic 
sources  for  InGaAs  quantum  dots  were  trimethylgallium  (TMG),  AsH3  (10%  diluted  in  pure  hydrogen)  and 
trimethylindium  (TMI).  The  source  was  carried  with  H2  gas  of  8000  SCCM.  Figure  2  shows  a  schematic  diagram  of 
the  sample  structure.  A  600  nm  thickness  AlxGai_xAs  (x=0.05~0.35)  matrix  layer  was  grown  at  650  °C  after 
deposition  of  a  400  nm  thickness  GaAs  buffer  layer  at  650  °C.  I^Ga^As  (x=0.5)  layer  of  4.5  monolayer  (nominally) 
was  deposited  onto  the  AlGaAs  layer  at  470  °C.  The  growth  temperature  of  470  °C  was  maintained  to  form  QDs  for 
30  sec:  interrupt  time.  The  upper  GaAs  layer  of  0.6  urn  thickness  was  grown  to  protect  the  InGaAs  QDs  at  470  °C. 
The  temperature  was  raised  to  650  °C  for  two  AlGaAs  clad  layers  of  0.4  urn  and  0.6  urn  thickness,  respectively. 
Finally,  GaAs  capping  layer  was  grown  at  the  same  temperature. 

Post-growth  annealing  was  done  in  nitrogen  gas  using  rapid  thermal  annealer  at  800  °C  for  20  sec.  Low-temperature 
(15K)  photoluminescence  spectra  were  obtained  using  514  nm  line  of  an  argon  ion  laser.  The  spectra  were  detected 
using  a  germanium  detector  and  lock-in  techniques. 


435 


(b) 

Fig.  2.  A  schematic  diagram  of  the  sample  structures  for  (a)  AFM  and  (b)  PL  measurements. 

3.  RESULTS  AND  DISCUSSION 


3-1 .  The  Shallow  Line  Pattern 


After  laser  patterning,  we  could  not  observe  any  patterned  lines  or  spots  but  observe  those  patterns  after  conventional 
wet  etching  (5H2S04  :  1H202  :  1DI  water)  to  prepare  the  sample  for  selective  growth.  Figure  3  shows  the  AFM 
image  of  the  shallow  etching  pattern  of  GaAs  substrate  after  wet  etching. 


Fig.  3.  (a)  AFM  image  of  the  shallow  etching  pattern  observed  after  conventional  wet  etching  for  selective  growth,  (b)  Cross 
sectional  analysis  of  (a)  by  surface  profiler. 
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The  depth  and  width  of  pattern  are  about  8  nm  and  100  nm,  respectively  as  shown  Fig.  3.  This  pattern  just  can  be 
obtained  below  etching  threshold  power  density.  Figure  4  shows  the  procedure  of  shallow  etching  process:  (a) 
sample  was  exposed  by  laser  irradiation  in  the  reaction  gas.  (b)  AsC13  and  AsF3  were  volatized  in  air.  (c)  weaken  the 
surface  of  substrate,  (d)  shallow  etching  pattern  was  obtained  after  conventional  wet  etching. 


AsC13(130  °C) 
AsF3  (-63  °C) 
:  high  volatile 


wet  etching 
5H2S04  :  1H202  :  1DI 
(5:1:1)  @  0  °C 


GaAs 


(d) 


Fig.  4.  The  procedure  of  the  shallow  etching  process:  (a)  sample  was  exposed  by  laser  irradiation  in  the  reaction  gas.  (b) 
AsC13  and  AsF3  were  volatized  in  air.  (c)  weaken  the  surface  of  substrate,  (d)  shallow  etching  pattern  was  obtained 
after  conventional  wet  etching. 

3-2.  Selective  Growth  on  Pattern  Samples 

Figure  5  shows  AFM  image  of  selectively  formed  InGaAs  dots  (QDs)  grown  on  the  laser  patterned  Al0.05Ga0.95As 
matrix  layer  at  growth  temperature  of  470  °C  and  interrupt  time  of  30  sec.  As  shown  figure  5  (a),  QDs  was  aligned 
along  with  shallow  line  pattern,  which  was  obtained  with  laser  irradiation  even  though  the  pattern  was  not  shown 
clearly.  But,  the  alignment  was  not  good  because  there  is  not  enough  the  difference  of  the  strain  between  pattern  and 
flat  area.  In  other  words,  figure  5  (a)  indicates  that  the  GaAs  substrate  was  not  given  enough  strain  because  of  low 
laser  irradiation  below  etching  threshold  power  density.  For  a  while,  figure  5  (b)  shows  the  AFM  image  of  the 
aligned  QDs  grown  on  the  patterned  sample  with  high  power  irradiation  above  etching  threshold  power  density.  The 
QDs  aligned  along  with  the  ripple  can  be  observed.  The  ripple  was  resulted  from  the  excessive  laser  power  density7. 
This  result  shows  that  the  alignment  of  QDs  can  be  controlled  by  the  strain  line  formed  with  laser  irradiation. 

Figure  6  shows  PL  spectra  for  quantum  dot  samples  grown  under  identical  conditions  (see  Fig.  2  (b)).  In  order  to 
recover  many  defects  in  each  epilayers,  the  samples  were  treated  by  rapid  thermal  annealing  at  800  °C  for  20  sec.  As 
shown  Fig.  6,  the  quantum  dot  peak  was  broadened,  decreased  in  the  intensity  and  shifted  to  short  wavelength.  It  is 
expected  that  there  is  two  reasons  -i.e.  (a)  ripening  effect8  during  a  rapid  thermal  treatment,  (b)  inter-diffusion  into 
clad  upper  or  lower  layers9,10.  The  ripening  effect  results  in  the  realignment  of  QDs  toward  line  pattern  and  enlarged 
the  lateral  size  of  QDs.  The  effect  causes  the  PL  spectrum  to  broaden  in  the  case  of  patterned  sample10.  It  is  also 
expected  to  occur  an  inter-diffusion  of  the  In  and  Ga  atoms  not  only  at  the  interface  between  the  QD  and  the  AlGaAs 
matrix  but  also  at  the  between  QD  and  QD.  The  inter-diffusion  induces  a  change  in  the  dot  composition  resulting  in  a 
shallower  confining  potential  and  a  blueshift  in  the  emission10. 
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(a)  (b) 

Fig.  5.  The  AFM  image  of  the  selective  QDs  growth  onto  laser  patterned  sample:  (a)  QDs  on  the  shallow  line  (below  threshold 
power  density),  (b)  QDs  on  the  ripple  (above  threshold  power  density). 


Wavelength  [A] 


Fig.  6.  Low-temperature  PL  spectra  for  quantum  dot  structures  with  and  without  shallow  pattern. 


438 


4.  CONCLUSIONS 


The  selective  growth  of  self-organizing  Ino.5Gao.5As  QDs  was  attempted  on  the  patterned  GaAs  (100)  substrate  by 
means  of  APMOCVD.  InGaAs  QDs  were  grown  on  Alo.05Gao.95As  matrix  layer.  The  shallow  pattern  was  formed  by 
laser  irradiation  below  etching  threshold  power  density  (8.84  MW/cm2).  The  alignment  of  QDs  along  with  shallow 
line  pattern  was  obtained.  The  samples  were  annealed  to  recover  many  defects,  which  exists  in  each  epilayers  at  800 
°C  for  20sec.  The  PL  spectra  of  aligned  InGaAs  QDs  were  observed  in  the  wavelength  of  9550  A  (with  pattern)  and 
9967  A  (without  pattern),  respectively.  The  reason  of  blueshift  and  breadth  for  QDs  peak  was  supposed  from  the 
facts:  (a)  the  realignment  of  QDs  and  the  enlargement  of  QDs  size  in  patterned  area,  (b)  inter-diffusion  of  the  In  and 
Ga  atoms  not  only  at  the  interface  between  the  QD  and  the  AlGaAs  matrix  but  also  at  the  between  QD  and  QD. 
Further  study  is  essential  for  obtaining  exact  mechanism.  This  work  presents  the  possibility  of  selective  QDs  growth 
on  the  patterned  substrates  using  laser  beam. 
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ABSTRACT 

In  this  paper,  the  optimization  and  application  results  of  SU-8  are  reported.  SU-8  is  an  ultra-thick,  negative,  epoxy-type, 
near  UV  photoresist  based  on  EPON  SU-8  resins  from  Microchem  Crop.  SU-8  is  a  highly  photosensitive  resist  and  its 
properties  are  greatly  affected  by  the  process  parameters.  The  parameters,  which  have  influence  on  the  properties,  were 
optimized  by  three  level,  L9  Orthogonal  Array  of  Taguchi  Method.  Two  kinds  of  photoresists,  SU-8  5  and  SU-8  50,  and 
four  parameters  such  as  the  prebake  time,  postbake  time,  exposure  time  and  developing  time  were  chosen  to  optimize.  We 
found  that  there  exist  some  minor  differences  between  our  results  and  the  published  data.  This  difference  could  be  due  to 
either  the  EPON  SU-8  content  or  the  fabrication  conditions.  According  to  the  optimized  data,  for  SU-8  5  and  SU-8  50, 
many  microstructures  with  thickness  more  than  100,  500pm  and  aspect  ratio  more  than  20,  50  were  obtained,  respectively. 
All  these  were  achieved  without  the  introduction  of  GPL,  a  stronger  developing  solution.  The  positive  photoresist  AZ9260 
with  thickness  more  than  20micron  were  patterned  as  the  sacrificial  layer.  Using  SU-8  as  the  structural  layer,  we  fabricated 
some  micro-components  such  as  micro-cantilevers,  microchannels  and  micro-heatpipes.  The  primary  experiments 
demonstrated  that  SU-8  could  be  used  as  the  structural  material  for  micro-components  and  even  for  some 
MicroElectroMechanical  Systems. 

Keywords:  Taguchi  parameter  optimization,  high  aspect  ratio,  micro-components,  microfluidic  systems 

1.  INTRODUCTION 

Photolithography  is  a  well-established  technique  for  resist  patterning.  For  many  years  the  development  in  this  field  was 
focused  on  how  to  get  high  resolution  and  printing  accuracy.  Due  to  the  limitation  of  focus  depth  and  diffraction  effect,  the 
maximum  thickness  of  ordinary  resists  are  only  on  the  level  of  several  microns.  With  the  development  of  Micro  Electro 
Mechanical  Systems  (MEMS),  more  and  more  interests  are  turned  to  how  to  pattern  very  thick  photoresist  layers  since  it  has 
very  good  pattern  transformation  and  can  be  used  as  the  micro-moulds  for  electroplating,  hot-embossing  and  even  as  the 
structural  material.  Some  advanced  lithography  techniques  like  X-ray  beam  lithography  also  had  been  developed  to  obtain 
some  high-aspect  ratio  of  microstructures  like  PMMA,  but  some  drawbacks  such  as  complicated  process  and  high  cost  of 
the  synchrotron  radiation  sources  limited  their  further  applications. 

Epon-based  SU-8  was  developed  as  a  thick  film  resist  by  IBM  mainly  for  MEMS  applications.  Up  to  now,  SU-8  has  proven 
to  be  a  good  candidate  for  the  thick  resist  applications.  The  published  papers  had  shown  that  SU-8  is  very  sensitive  to  the 
variations  of  processing  parameters  and  conditions  and  hence  difficult  to  be  used  properly  in  the  microfabrication  process. 
Unfortunately,  no  studies  have  demonstrated  which  processing  parameters  are  most  important  or  crucial  in  order  to  achieve 
good  SU-8  microstructure  up  to  now1"3.  At  one  hand,  we  guess  these  conditions  may  be  due  to  the  different  SU-8  recipes 
(there  are  eight  in  the  family).  At  another  hand,  SU-8  is  sensitive  to  the  processing  environment  and  equipment  used.  For 
these  reasons,  it  was  necessary  to  perform  optimization  experiment  to  determine  the  values  for  the  processing  parameters. 

In  this  paper,  SU8  and  SU8-50,  two  members  of  SU-8  series,  are  chosen  because  they  can  supply  a  wide  thickness  coverage. 
Taguchi  method  was  used  and  four  parameters  such  as  the  prebake  time,  postbake  time,  exposure  time  and  developing  time 
were  chosen  to  optimize.  The  contribution  of  different  factors  to  the  quality  is  also  list.  Using  this  optimization  result,  some 
microstructures  had  been  fabricated.  All  these  confirmed  our  optimization. 
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2.  SU-8  NEGATIVE  PHOTORESIST 


EPON  SU-8  has  the  highest  epoxide  functionality  commercially  available  and  can  dissolve  in  an  organic  solvent  GBL 
(gamma-butyloracton).  When  coated  on  a  substrate  and  exposed  to  ultraviolet  light  (365  to  436  nm),  this  epoxy  resist  can 
form  a  highly  cross-linked  matrix.4  Except  for  the  high  exposure  sensitivity  and  the  excellent  adhesion,  this  resist  system 
has  three  important  attributes  as  follows,  which  make  it  suitable  for  thick-film  applications.  First,  because  of  its  low 
molecular  weight  of  7000  (±1000),  SU-8  can  be  dissolved  in  a  variety  of  organic  solvents  such  as  propylene  glycol  methyl 
ether  acetate  (PGMEA),  gamma-butyrolactone  (GBL),  or  methyl  iso-butyl  ketone  (MIBK)  and  provide  solutions  containing 
up  to  85%  solids  by  weight.  Thickness  of  500pm  can  be  obtained  easily  even  with  a  single  spin  coating.  Second,  this 
material  has  a  very  low  optical  absorption  and  high  transparency  in  near-UV  range.  Thus,  vertical  sidewall  profiles  can  be 
achieved  and  hence  good  dimensional  control  over  the  entire  structure  height  could  be  realised.  Third,  because  of  its 
aromatic  functionality  and  highly  cross-linked  matrix,  the  exposed  resist  is  thermally  and  chemically  stable,  making  it  more 
suitable  for  some  harsh  application  such  as  the  prolonged  plasma  etching  mask  and  electroplating  processes  than  its 
counterpart  such  as  PMMA.  In  addition,  SU-8  has  the  capability  to  self-planarize  during  prebake  and  results  in  good  contact 
between  the  mask  and  resist  in  contact  lithography  mode. 

SU-8  5  and  SU-8  50,  two  members  of  SU-8  series,  were  chosen  in  our  experiment  because  they  can  supply  a  wide  thickness 
variation.  For  a  single  time  spin-coating,  the  thickness  coverage  can  be  adjusted  from  10  to  350pm.  For  multi-layer  coating, 
this  coverage  could  be  up  to  1mm.  This  wide  coverage  of  thickness  almost  could  cover  the  whole  MEMS  applications. 

3.  TAGUCHI  METHODOLOGY 

In  this  study,  Taguchi’ s  statistical  methods  was  employed  to  obtain  the  optimum  range  of  process  parameters.  The  appraisal 
standard  is  to  gain  the  highest  resolution  and  aspect  ratio  in  microstructures.  The  four  factors  are  selected  for  improving  the 
characteristics  including  prebake  time,  exposure  time,  postbake  time,  and  development  time.  Orthogonal  Arrays  (OA) 
selected  for  3-level  is  L9  OA.  The  experiments  were  conducted  as  described  by  OA  and  the  various  parameter  settings  were 
shown  in  Tables  1.  Analysis  of  variance  (ANOVA)  was  used  to  interpret  the  experimental  results  and  decided  on  which 
level  of  the  factor  need  to  use5.  F-test  was  also  performed  to  find  the  significant  level  of  the  factors.  The  significant  factors 
with  their  respective  levels  were  identified  and  set  to  the  optimum.  Once  the  optimum  response  was  predicted,  the 
confidence  interval  was  then  calculated.  The  final  step  of  the  Taguchi  method  was  to  conduct  confirmation  tests  and  verify 
the  results  obtained  with  the  optimum  parameter  settings2. 


Table  1.  Parameter  settings  of  SU-8  photoresist  for  Taguchi  optimization 


SU8-5 

Levels 

Pre  Bake 
(min) 

Exposure 

(sec) 

Post  Bake(PEB) 
(min) 

Develop 

(min) 

40pm 

1 

12.5 

28 

20 

5 

2 

15 

29 

25 

6 

3 

20 

30 

30 

7 

30pm 

1 

10 

17.5 

15 

4 

2 

12.5 

18.5 

.  20  . . 

5 

3 

15 

19.5 

25 

6 

13pm 

1 

8 

10 

15 

3.5 

2 

10 

10.5 

20 

4 

3 

15 

11 

22 

5 

SU8-50 

275pm 

1 

40 

100 

40 

13 

2 

50 

105 

50 

16 

3 

60 

110 

60 

18 

150|im 

1 

35 

50 

35 

10 

2 

45 

52.5 

45 

12.5 

3 

55 

55 

55 

15 

95  pm 

1 

25 

35 

25 

8 

2 

35 

40 

35 

10 

3 

45 

45 

45 

12 
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4.  OPTIMIZATION  EXPERIMENTS  OF  SU-8  NEGATIVE  PHOTORESIST 


This  section  describes  the  optimization  experimental  results  of  Epon  SU8-5  and  SU8-50  photoresist  series,  we  know,  there 
are  a  number  of  characteristics  factors  of  SU-8  to  consider,  such  as  resolution,  aspect  ratio  (side  wall),  mechanical 
properties  like  Young  modulus,  film  stress,  bonding  strength  and  etc.  It  would  not  be  a  wise  choice  to  optimize  a  large 
number  of  characteristics  at  the  same  time. 

Three-level  L9  orthogonal  array  were  used  to  study  the  effects  of  four  control  factors  (Pre  bake  time,  Exposure  time  under 
10mW/cm2,  Post  exposure  baking  time  and  Developing  time),  which  have  influence  on  the  quality.  With  three  different  spin 
speeds,  three  different  thickness  could  be  obtained.  Quality  of  the  obtained  photoresist  structures  were  assessed  on  their 
resolution  and  aspect  ratio.  Readings  for  resolution  are  chosen  from  5  different  locations  of  the  wafer  with  3  highest  reading 
taken  out  for  optimization.  And  aspect  ratio  are  obtained  by  the  combination  of  SEM  photo  and  profiler.  All  these  are 
processed  in  4  inch  Silicon  wafers  with  native  oxide  layer. 

The  optimization  settings  for  resolution  and  aspect  ratio  with  3  different  thicknesses,  40pm,  30pm,  13pm,  of  SU8-5  and 
275pm,  150pm,  95pm  of  SU8-50  are  shown  in  tables  1-4.  S/N  ratio  is  applied  to  analyze  the  raw  data.  The  change  in  the 
quality  characteristic  of  a  product  under  investigation,  corresponding  to  a  factor  introduced  in  the  experimental  design,  is 
the  signal  of  the  desired  effect.  However,  when  an  experiment  is  conducted,  numerous  external  factors  not  designed  will 
involved  into  the  experiment  and  influenced  the  outcome.  These  external  factors  are  called  the  noise  factors  and  their  effect 
on  the  outcome  of  the  quality  characteristics  under  test  is  termed  as  noise.  Thus,  the  signal  to  noise  ratio  measures  the 
sensitivity  of  the  quality  characteristic,  being  investigated  in  a  controlled  manner,  to  some  other  external  factors  not  under 
control.  The  aim  of  optimization  experiment  is  always  to  determine  the  highest  possible  S/N  ratio  for  the  result,  since  a  high 
S/N  ratio  implies  that  the  signal  is  much  higher  than  the  random  effect  of  the  noise  factor.  In  this  experiment,  S/N  ratio  of 
resolution  is  measured  with  the  higher  the  better  characteristic  while  the  S/N  ratio  of  aspect  ratio  is  measured  with  the  lower 
the  better  characteristic,  (in  the  Table2-5,  *  stands  for  Represent  Significant  Factors,  or  RSF). 


Table  2.  Optimal  setting  of  resolution  for  SU8-5  photoresist 


Notation 

Parameters 

40 

um 

30um 

13 

um 

RAW 

DATA 

S/N 

RATIO 

RAW 

DATA 

S/N 

RATIO 

RAW 

DATA 

S/N 

RATIO 

PB 

Pre  bake 

20min* 

20min* 

12.5min* 

12.5min* 

lOmin* 

8min* 

E 

Expose 

28sec* 

30sec* 

18.5sec* 

18.5sec* 

lOsec* 

lOsec* 

PEB 

Post  bake 

30min 

30min 

25min* 

25min 

20min 

20min 

D 

Develop 

7min* 

7min* 

■SI 

6min* 

99% 

Confidence 

Interval 

Optimum 

5.341 

11.698 

4.933 

10.148 

4.70 

C.I 

±0.463 

±0.485 

±0.619 

±4.025 

±0.506 

±0.841 

Confirmation  results 

5.721 

11.711 

5.354 

14.012 

5.403 

11.523 

40pm  30pm  13pm 

Figure  1.  SEM  photo  shown  the  difference  of  resolution  with  different  thickness  t  of  SU8-5 
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Notation  I  Parameters 


40 

lam 

30 

um 

13 

um 

RAW 

DATA 

S/N 

RATIO 

RAW 

DATA 

S/N 

RATIO 

RAW 

DATA 

S/N 

RATIO 

99% 

Confidence 

Interval 


Confirmation  results 


Pre  bake 


Expose 


Post  bake 


Develo 


Optimum 


C.I 


20min* 

15min* 

15min* 

30sec* 

30sec* 

18.5sec* 

18.5sec* 

30min* 

30min* 

20min* 

20min 

7min* 

7min 

6  min* 

6min* 

7.333 

-32.118 

21.667 

-36.294 

±6.636 

6.922 

±5.960 

±4.859 

5.012 

-28.213 

meesm 

-33.112 

15min*  I  15min* 


15min* 


5min* 


±6.193 


15min* 


5min 


-36.965 


±2.758 


-  f| 


r 


Notation  Parameters 


275um 


150um 


PB  Pre  bake 


E  Expose 


PEB  Post  bake 


D  Develo 


99%  Optimum 

Confidence  C.I 

Interval 


Confirmation  results 


RAW 

S/N 

RAW 

S/N 

RAW 

S/N 

DATA 

RATIO 

DATA 

RATIO 

DATA 

RATIO 

40min* 

40min* 

45min 

45min* 

25mm* 

25min* 

lOOsec 

lOOsec 

52.5sec 

52.5sec 

40sec* 

40sec* 

40min 

40min* 

55min* 

55min* 

25min* 

18min* 

18min* 

15min* 

15  min* 

10min* 

4.904 

10.993 

3.833 

8.344 

5.133 

9.948 

±0.408 

±0.903 

±0.465 

±3.400 

±0.607 

±3.798 

4.9 

11.02 

4.8 

11.431 

5 

11.872 

r  IUrT 

I 

<  -  K: 

2' 


Table  5.  Optimal  setting  of  aspect  ratio  for  SU8-50  photoresist 


Notation  |  Parameters 


275  urn 


RAW  S/N 
DATA  RATIO 


150um 


S/N 

RATIO 


RAW 

DATA 


S/N 

RATIO 


PB 

Pre  bake 

40min* 

40min* 

55min* 

45min* 

35min* 

35min* 

E 

105sec* 

105sec 

50sec 

50sec 

45sec* 

45sec* 

PEB 

Post  bake 

50min 

50min* 

55min* 

52.5min* 

45min* 

~D 

Develop 

18min* 

16min* 

15min* 

15min* 

lOmin* 

lOmin 

99% 

Optimum 

1.7e-15 

-19.92 

8.667 

-27.939 

2.333 

-28.132 

Confidence 

Interval 

C.I 

±4.526 

±15.261 

5.241 

4.464 

6.193 

6.944 

!  Confirmation  results 

0.01 

-12.541 

3.01 

-23.976 

0.1 

-23.475 

is 

P* 


% 


I  pppa* * 

pSagi  ■ 

lilM 

IlglSB 

-- i 

Figure  4.  SEM  photo  shown  the  difference  of  aspect  ratio  with  different  thickness  t  of  SU8-50 

5.  DISCUSSION 

Through  experiments,  we  can  found  that  the  parameter  have  great  influence  on  the  quality  of  obtained  microstructures.  But 
the  contribution  of  these  factors  to  the  final  result  is  varied  in  a  very  big  range. 

5.1  SU8-5 
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Figure  5.  Percentage  contribution  of  factors  affecting  resolution  (a)  and  aspect  ratio  (b)  of  SU8-5 


Based  on  ANOVA  result,  the  contribution  of  four  parameters  to  the  resolution  and  aspect  ratio  are  shown  in  Figure  5(a)  and 
(b),  respectively.  From  the  Figure  5(a),  we  knew  that  the  contribution  of  different  factor  to  the  final  result  is  different, 
varying  from  Prebake  42.37%  to  postbake  4.6%.  Prebake  time  is  the  most  important  factor  to  the  resolution.  From  the 
Figure  5(b),  we  also  found  that  prebake  time  47.02%  was  the  key  factor.  Therefore,  for  SU-8  5,  good  resolution  and  high 
aspect  ratio  can  be  obtained  at  the  same  time.  Meantime,  the  experiment  also  showed  that  as  the  photoresist  structure  gets 
thicker,  the  importance  of  development  time  increased.  The  reason  is  that  more  SU-8  5  need  to  be  developed,  thus  we 
required  more  precise  control  of  the  time.  In  addition,  as  the  structure  gets  taller,  it  becomes  more  difficult  for  the 
developing  solution  to  reach  the  photoresist  below  and  the  replacement  of  developing  solution  become  more  difficult,  this 
will  greatly  reduced  the  efficiency  of  the  developing  solution. 

5.2  SU8-50 

The  optimization  result  of  SU-8  50  are  shown  in  Figure  6(a)  and  (b).  From  the  Figure  6(a),  we  knew  that  prebake  time  is 
highly  significant  factor  (40.70%).  Developing  time  is  second  important  factor  (22.06%).  The  trend  of  increasing 
significance  of  developing  time  is  also  seen  with  increasing  thickness.  Exposure  time  and  post  bake  have  little  effect  on  the 
resolution  of  SU8-50. 

From  Figure  6(b),  prebake  time  (27.52%),  developing  time  (24.65%)  and  exposure  time  (24.17%)  have  almost  identical 
influence  on  achieving  higher  aspect  ratio.  Once  again,  there  also  exists  a  trend  that  developing  time  will  become  more 
significant  in  thicker  photoresist.  From  the  optimized  settings  of  resolution  and  aspect  ratio  of  SU8-50,  the  thickness  of 
275|im  and  150|im  show  almost  similar  settings  but  there  are  some  differences  in  settings  for  the  95  |im  thickness.  From  the 
two  optimizations  of  resolution  and  aspect  ratio,  it  is  found  that  pre  bake  time  and  developing  time  are  highly  significant. 
However,  it  is  noted  from  the  aspect  ratio  optimization,  exposure  time  become  more  significant.  This  is  because  the  aspect 
ratio  of  photoresist  structure  are  more  sensitive  to  exposure  dosage  as  the  difference  between  the  three  level  setting  of 
exposure  time  is  only  1  to  2  seconds.  This  effect  is  also  seen  in  SU8-5,  aspect  ratio  optimization. 

It  is  obvious  that  there  exist  some  differences  between  the  results  of  SU-8  5  and  SU-8  50.  The  expose  time  and  developing 
time  play  a  more  important  role  in  SU-8  50  than  in  SU-8  5  in  the  case  of  getting  high  aspect  ratio. 
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Figure  6.  Percentage  contribution  of  factors  affecting  resolution  and  aspect  ratio  of  SU8-50 

In  conclusion,  both  SU8-5  and  SU8-50  exhibit  almost  the  same  effect  of  the  various  factors.  However,  development  time  is 
more  significant  to  the  thicker  SU8-50  photoresist  in  both  the  resolution  and  aspect  ratio  optimization. 


6.  APPLICATIONS  OF  SU-8  IN  MICROFLUIDIC  SYSTEMS 

With  the  capabilities  of  SU-8,  the  application  is  very  much  like  LIGA  but  of  course  with  reduced  resolution  and  aspect  ratio. 
However,  application  that  do  not  required  ultra-high  resolution  can  be  done  by  SU-8  with  a  very  low  cost.  SU-8  can  be 
used  as  structural  materials  for  fabrication  of  micro-channel  in  microfluidic  system.  These  channel  can  be  process  easily 


445 


using  SU-8  by  UV  photolithography.  Both  processing  time  and  cost  are  reduced  greatly  comparing  to  LIGA  technology. 
The  main  works  are  including: 

(1)  Using  AZ9260  positive  photoresist  as  the  sacrificial  layer,  employing  two  times  exposure,  embeded  microchannel  had 
been  fabricated,  shown  in  Figure  7. 

(2)  Using  single  time  exposure  technique,  micro-channels  for  microfluidic  had  been  fabricated  shown  in  Figure  8. 


Figure  7.  SEM  photo  of  embeded  micro-channel  fabricated  using  SU-8  combining  positive  resist  as  sacrificial  layer 


Figure  8.  SEM  photo  of  SU-8  microstructures  for  microfluidic  system 


7.  Conclusion 

Taguchi  optimization  technique  has  been  applied  to  two  commercially  available  SU-8,  negative  photoresist  series,  SU  8-5 
and  SU  8-50.  From  the  experiment,  it  is  found  that  all  four  control  factors,  prebake  time,  exposure  time,  postbake  time  and 
developing  time,  are  significant  in  order  to  achieve  high  resolution  and  aspect  ratio.  Of  the  four  factors,  prebake  time  is  the 
most  significant  factor  for  all  the  six  thicknesses  of  photoresist.  However,  the  significant  of  developing  time  increases  with 
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increasing  thickness.  This  is  seen  especially  with  SU8-50  photoresist.  High  aspect  ratio  and  resolution  photolithography  of 
SU-8  photoresist  has  been  developed.  In  this  project,  SU-8  is  used  to  build  the  channels  of  microfluidic  systems  like  micro 
heat  pipe. 
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Dynamics  of  diode-pumped  microchip  laser  passively 
Q-switched  with  Cr:YAG 
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ABSTRACT 

The  reason  for  the  instability  of  passively  Q-switched  lasers  has  been  analyzed.  Based  on  those  reasons  a  novel  model 
named  pre-pumping  passively  Q  switching  is  presented.  The  model  we  developed  accounts  for  the  properties  of  the  lasing 
material,  the  saturable  absorber,  the  pumping  power  and  the  resonator.  With  the  aid  of  new  factor  fp,  we  calculate  the  effects 
of  pre-pumping  mechanism  on  the  pulse  output  energy.  Like  the  model  of  Guohua  Xiao  the  express  we  derived  can  be  used 
to  optimize  the  laser’s  performance. 

Keywords:  Passively  Q-switched  lasers,  microchip  laser,  dynamics,  instability 


1.  INTRODUCTION 

Recently  passively  Q-switching  by  Cr4+  doped  crystals  have  been  reported  for  variety  of  systems.  Cr4+:YAG  is  suitable  for 
producing  high-peak-power  pulses  of  laser  light  with  high  pulse  repetition  rate  due  to  its  smaller  saturation  intensity  and 
good  heat  conductivity1.  Although  compared  with  coupled-cavity  Q-switched  lasers  passively  Q-switched  lasers  avoid  high¬ 
speed  high-voltage  electronics  their  severe  problems  consist  in  the  instability  of  pulse  repetition  rate  and  the  jitter  of  pulse 
width.  Their  application  fields  are  also  reduced  because  of  the  difficulty  in  controlling  pulse  repetition  rate. 

Ding  Yanhua 2  has  reported  the  laser  transversal  and  longitudinal  mode  structure  as  well  as  the  pumping  rate  disturbance  are 
the  important  reasons  for  instability  of  the  output  of  a  CW  Nd:YAG  laser  passively  Q-switched  with  Cr4+:YAG.  The 
competition  between  multi-modes  lead  to  the  variety  of  output  power  from  time  to  time.  It  has  been  demonstrated  that 
passively  Q-switched  pulses  under  multi-modes  oscillation  appear  to  be  envelope  of  pulse  amplitude  with  no  apparent 
periodicity3.  However  Ding  did  not  give  any  calculation  on  the  effects  of  instability  caused  by  the  wave  of  pumping  power. 
Chen  Wei4  indicated  a  kind  of  additional  loss  of  Cr4+:YAG  caused  by  laser  intensity  which  increases  with  the  circulating 
power  in  the  cavity.  The  circulating  power  changes  the  Cr*  into  Cr4+  in  Cr4+:YAG  crystal  which  leads  to  the  augment  of 
concentration  of  Cr4+.  Thus  increases  the  intracavity  loss.  Wang  Mingwei5  has  explained  the  phenomena  of  envelope  of 
pulse  amplitude.  He  believes  this  modulation  phenomena  within  Q-switched  pulse  is  the  result  of  beat  frequency  oscillation 
between  different  modes  with  relevant  phases. 

The  theory  of  passively  Q-switched  lasers  has  been  described  since  1965.  Szabo  and  Stein6  first  derived  the  relevant  rate 
equations  for  the  passively  Q-switched  laser  and  presented  some  numerical  results.  Degnan7  demonstrated  by  applying  the 
Lagrange  multiplier  method  to  the  optimal  coupling  problem  for  the  passively  Q-switched  laser,  that  simple  analytical 
solutions  could  be  obtained  for  all  laser  parameters  of  interest,  e.g.  optimum  mirror  reflectivity,  output  energy,  pulsewidth, 
peak  power,  overall  efficiency,  etc.  Later  Guohua  Xiao8  presented  a  generalized  model  of  a  passively  Q-switched  laser.  It 
enables  performance  optimization  including  cases  in  which  saturable  absorber  exhibits  both  ground  and  excited  state 
absorption  (ESA).  However  they  did  not  describe  the  instability  of  passively  Q-switched  pulses  theoretically.  The  goal  of 
this  article  is  to  analyze  and  describe  the  dynamics  of  instability  and  provide  a  novel  method  to  improve  the  stability. 
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2.  ANALYSIS 


Population  inversion  and  photon  density  versus  time  within  a  Q-switching  period  is  shown  in  fig.  1.  The  time  when  a  pulse 
begins  to  start  can  not  keep  constant  due  to  the  undulation  of  pumping  power  and  variation  of  environment  conditions.  We 
assume  that  Q-switch  is  likely  to  open  when  the  population  inversion  reaches  some  value  between  and  nfc+.  Thus  the 
region  of  (%  ~  nm+)  is  called  critical  region  of  inversion  population  density.  The  corresponding  time  region  (t^)  is  called 
the  uncertainty  of  Q-switch.  Obviously  the  two  parameters  above  are  veiy  important  to  mark  the  stability  of  repetition  rate. 
In  order  to  reduce  the  scope  of  region  (tf-t,),  the  following  two  measures  are  viable. 

1)  Utilize  the  stable  pump  source  and  keep  the  environment  conditions  constant.  From  the  following  derivation  we  can 
make  it  clear  how  the  variation  of  pumping  power  effects  the  period  of  Q-switch. 

2)  A  novel  method  named  pre-pumping  passively  Q-switching  is  used  to  modulate  the  pumping  power  which  make  it 
very  quickly  for  inversion  population  to  pass  the  critical  region  of  (%'-  n^). 


Fig.  1  Population  inversion  and  photon  density  versus  time 


Because  the  pulse  width  is  much  smaller  than  the  period  of  Q-switching,  we  neglect  the  effects  of  pulse  width  in  the 
calculation  of  the  period  of  Q-switching  and  assume  T=T’  (Fig.  2) 

According  to  the  rate  equations  of  passively  Q-switched  laser. 
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Fig.  2  Inversion  density  &  photon  density  within  one  period  of  Q-switchhing 

where  <)>  is  the  intracavity  photon  density,  a  is  the  stimulated  emission  cross  section  of  the  gain  medium,  n  is  the 
population  inversion  density  of  the  gain  medium,  ags,  aes  are  the  absorber  ground,  ESA  cross  section,  respectively,  1  is 
the  length  of  the  gain  medium,  ls  is  the  saturable  length  along  the  cavity  axis,  t,=217c  is  the  cavity  round-trip  time, 
where  c  is  the  speed  of  light,  R  is  the  reflectivity  of  the  output  coupler,  L  is  the  nonsaturable  intracavity  round-trip 
dissipative  optical  loss,  R*  is  the  pump  rate,  y  is  the  inversion  reduction  factor,  \  is  the  lifetime  of  excited  state,  n<,  is 
the  total  population  density. 

In  the  range  of  T ,  we  have  :  <|>  =  0 ,  dQ/dt  =  0.  Then  (lb)  can  be  simplified  as: 


dt  T 


(2) 


After  intergral  we  got: 


r= T.hffi  % 


(3) 


'  Rara-n, 

With  CW  pumping,  from  a  steady  analysis7,  Degnan  presented  the  following  equation: 

(4a) 
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Here  8  is  the  fraction  of  the  population  inversion  left  over  at  the  start  of  the  next  pump  cycle  for  the  repetitively  Q- 
switched  laser. 

Notice  when  fa  =  y,  equation  (4)  degenerates  the  same  form  as  equation  (3).  But  it  is  hard  to  be  satisfied  9,  because  it 
requires  very  long  lifetime  of  intracavity  photon.  Although  equation  (3)  is  not  accurate  it  can  still  be  utilized  to 
illustrate  this  question  since  it  has  the  same  form  of  equation  (4). 

From  equation  (3),  we  got 


dT  -Rj/in.-n,)  dRa 
T  T(RaTa  -nf){R<tla  -«,)  Ra 

or  in  another  format, 

dT_  _ _ -Rg^M-nf) _ dR^ 
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(5b) 


If  we  substitute  Sit  instead  of  %  it  will  be  the  result  of  equation  (4).  In  order  to  illuminate  the  effects  more  clearly  we 
use  the  experiment  data  of  reference3  to  calculate.  When  the  pump  power  is  1.5  times  threshold,  that  is  11^=1.511^  we 
got  n/Hi=  1/46953  «  1  with  a  computer.  Based  on  these  facts  we  can  make  the  following  assumption:  n,  and 

R/[a— nf  =  R/c,.  From  equation  (5)  we  have  _  -2  —  ^  •  Assuming  the  undulation  of  pump  power  is  about  1%, 

T  T  Ra 

we  got  the  laser  repetition  rate  wave  of  -2.76%  according  to  the  relation  above. 

So  we  can  make  a  conclusion  that  the  relative  alteration  of  laser  repetition  is  larger  than  that  of  pump  power  within  the 
ordinary  range  of  pump  power.  And  we  can  also  acquire  the  following  fact:  the  gain  medium  with  longer  excited  state 
lifetime  is  more  impressionable. 

Obviously  the  response  time  of  saturable  absorber  is  another  important  parameter.  According  to  the  relation  of  response 
time  t  and  light  intensity10: 


T  = 


L 

i +///, 


(6) 


where,  %  is  the  lifetime  of  excited  state,  Is  is  the  saturable  intensity.  Some  saturable  absorber  with  larger  Is  or  longer  % 
have  longer  response  time  which  will  leads  to  larger  undulation  of  pulse  repetition  and  pulse  power. 


3.  DESIGN 

According  to  the  analysis  above  we  plan  to  improve  the  stability  of  the  frequency  of  passively  Q-switched  pulses  with  a 
passively  Q-switched  microchip  laser  pumped  by  pre-pumping  mechanism.  Following  are  the  reasons:  1)  The  single¬ 
frequency  microchip  lasers  whose  mode  spacing  is  greater  than  the  medium-gain  bandwidth  can  easily  conquer  the 
disadvantageous  effects  induced  by  multi-mode  competition.  2)  The  mechanism  of  pre-pumping  can  effectively  solve  the 
problem  caused  by  the  undulation  of  pump  power  and  the  longer  response  time. 

The  mechanism  of  pre-pumping  may  be  divided  into  three  steps: 

1)  In  the  first  step,  inversion  population  in  the  gain-medium  are  pumped  to  some  value  close  to  the  critical  region  of 
inversion  population  density  with  pump  power  lower  than  threshold. 

2)  In  the  second  step,  one  high  and  narrow  pumping  pulse  is  superposed.  Inversion  population  will  arise  and  pass 
through  critical  region  of  inversion  population  very  quickly  under  the  additional  pumping  pulse  which  will  greatly 
reduce  the  uncertainty  of  Q-switch  (Fig.  1).  Furthermore,  because  of  the  very  high  increase  speed  of  inversion  it 
will  reach  a  higher  inversion  population  during  the  switching  time  of  Q-switch  and  thus  make  the  energy  of  Q- 
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switched  pulse  higher  than  usual.  But  the  addition  part  of  pulse  energy  is  very  limited  which  will  be  shown  in  the 
following  calculation.  In  order  to  avoid  the  disadvantage  brought  by  pumping  pulse  we  should  keep  the  pumping 
pulse  width  shorter  than  the  Q-switched  pulse  width. 

3)  The  high  pumping  pulse  and  pre-pumping  power  are  removed  in  the  third  step. 


4.  CALCULATION 

Degnan  and  Guohua  Xiao  have  neglected  the  terms  R*  and  n/x,  of  equation  (lb)  in  solving  the  coupled  differential  equations 
from  time  1,  to  tf  (Fig.  2).  Because  of  the  transcendental  nature  of  the  Q-switched  laser  equations,  they  can  only  give  the 
intermediate  analytical  solutions.  However  with  the  aid  of  this  simple  analytical  solutions  passively  Q-swithed  laser  design 
could  now  be  accomplished  quickly  using  a  series  of  general  design  curves  and  a  simple  hand  calculator. 

Because  of  the  high  pump  pulse  we  can  not  neglect  the  term  R*  of  equation  (lb)  in  the  process  of  deriving  analytical 
solutions.  But  we  must  make  some  necessary  assumptions. 

Equation  (lb)  can  be  written  as: 

dfi 

-  =  Ra-  yoctyn  =  (-yoc  +  —2-)  <j>n  (7) 


Because  <>n  may  be  very  close  to  zero  we  have  to  simplified  them  and  rewritten  the  item  R^n.  During  the  period  oft;  to  tf 
(Fig.  2)  we  can  get  the  following  expression  approximately: 
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Where  tp  is  the  FWHM  pulsewidth:  2t  —  t  ,  —  f 

Combine  (7)  with  (8)  we  get: 
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Equation  (7)  can  be  simplified  as: 
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Dividing  (lb’)  by  (lc)  yields  a  relationship  between  n^  and  n0?  i.e., 
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Define  the  pumping  factor  fp  as:  f  - 
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To  keep  the  parallels  between  the  present  analysis  and  that  of 7,8  clear,  the  comparable  parameters  are  given  the  same  names. 
To  enable  one  to  keep  track  of  which  is  which,  the  parameter  a  from  this  paper  are  primed  twice. 
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Equation  (10)  can  integrated  to  yield 


<n> 

n, 

Following  Degnan’s  approach,  (la),  (lb’),  (le),  (12),  and  (11)  combine  to  give  the  relation  between  n,  and  nf,  the  initial  and 
final  population  densities  in  the  gain  medium,  as 

1x1-+/,'  „  ,  _  n 

~nf  +-  *  ln(— )  -f|(l  -/, Kt 1 "(— )*]  =  0  0# 

1  2  Si  nf  l $  «, 

Where  L,=L+2s  ^1.  If  we  order 

$=sf\  -/,) 


Equation  (13)  then  becomes 


«,-«/  + 


in-+r  /  ^  „ 

— 8 - ln(— )  -  ^»0[1  -  (-+)  *]  =  0 


25/ 


/ 


(14) 


Thus  with  the  change  to  our  primed  parameters,  Degnan’s  optimum  design  results,  both  formulae  and  graphs,  can  also  be 
used  to  determine  parameters  of  pre-pumping  passively  Q-switched  lasers. 

If  we  neglect  the  effects  of  pre-pumping  mechanism,  i.e.  fp=0,  equation  (14)  will  become  the  same  as  8’ (4)  which  is  the  case 
of  Gouhua  Xiao’s  model  including  ESA. 

In  n,  Koechner  gives  the  total  energy  in  the  Q-switched  pulse  as 


£  =  ^lnA  ln(^)  (15) 

2  sg  R  nf 

So  the  rate  of  i^and  nf  is  very  important  for  estimating  pulse  energy  which  is  determined  by  (14).  We  have  calculated  the 
passively  Q-switched  lasers  with  the  same  parameters  and  compared  the  results  of  both  Guohua  Xiao’s  model  and  our 
model  with  a  computer.  As  estimated  above  the  output  power  of  our  model  is  slightly  larger  than  that  of  Guohua  Xiao. 


5.  CONCLUSION 

We  analyzed  the  reasons  of  instability  of  the  passively  Q-switched  pulses  and  calculated  the  undulation  of  pulses  frequency 
cased  by  the  wave  of  pump  power.  The  pre-pumping  mechanism  we  developed  can  be  used  to  improve  stability  of  passively 
Q-switched  laser  and  its  effects  on  the  output  power  has  also  been  derived.  The  egression  we  deducted  can  also  be  used  to 
optimized  the  laser’s  performance  with  pulse  pump. 
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Pulse  control  of  passively  Q-switched  microchip  laser  with  CW 

pumping  modulation 
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ABSTRACT 

In  order  to  improve  the  stability  of  passively  Q-switched  lasers  we  put  forward  a  kind  of  pre-pumping  mechanism1.  Based 
on  this  mechanism  we  deduce  an  analytical  expression  which  can  be  used  to  calculate  or  optimize  the  important  parameters 
of  passively  Q-switched  lasers.  The  analytical  expression  has  been  discussed  in  detail  and  the  results  can  also  be  used  in 
many  cases  of  passively  Q-switched  lasers. 

Keywords:  Passively  Q-switched  lasers,  pulse  pump 


1.  INTRODUCTION 

The  theory  of  passively  Q-switched  lasers  has  been  described  since  1965.  Szabo  and  Stein2  first  derived  the  relevant  rate 
equations  for  the  passively  Q-switched  laser  and  presented  some  numerical  results.  Degnan3  demonstrated  by  applying  the 
Lagrange  multiplier  method  to  the  optimal  coupling  problem  for  the  passively  Q-switched  laser,  that  simple  analytical 
solutions  could  be  obtained  for  all  laser  parameters  of  interest,  e.g.  optimum  mirror  reflectivity,  output  energy,  pulsewidth, 
peak  power,  overall  efficiency,  etc.  Later  Guohua  Xiao4  presented  a  generalized  model  of  a  passively  Q-switched  laser.  It 
enables  performance  optimization  including  cases  in  which  saturable  absorber  exhibits  both  ground  and  excited  state 
absorption  (ESA).  However  they  derive  their  analytical  expression  based  on  neglecting  pump  power  during  the  switching 
time.  This  paper  extends  these  results  above  and  tries  to  solve  many  practical  questions  of  pulse  pumped  passively  Q- 
switched  lasers. 

Degnan  introduced  two  constants  which  he  calls  y  and  ys  into  his  calculations,  y  is  the  familiar  quantity  called  a 
“degeneracy  factor”  by  Koechner5,  “2*”  by  Siegman6,  “inversion  deduction  factor”  by  Degnan7.  On  the  basis  of  models 
published  by  Hercher  and  Degnan,  Guohua  Xiao  redefined  the  constant  a’and  ys’  to  mark  the  performance  of  the  Q-switch 
and  the  saturable  absorber.  This  paper  modifies  Guohua  Xiao’s  constant  a’  to  a”  and  introduces  a  new  constant  fp  to 
describe  the  contribute  of  pulse  pump.  If  we  order  the  value  of  fp  as  zero,  our  expression  will  become  the  same  as  that  of 
Guohua  Xiao. 

The  expression  developed  here  can  be  applied  to  pulse  pumping  cases.  With  the  help  of  numerical  calculations  we  present 
graphs  from  which  we  can  read  the  effects  of  parameters  clearly. 


2.  THEORY 

According  to  our  pre-pumping  mechanism  we  need  to  modulate  the  pumping  power  shown  in  Fig.l.  Under  this  pre¬ 
pumping  mechanism  population  inversion  and  photon  density  versus  time  within  a  Q-switching  period  is  shown  in  Fig.  2. 
From  Fig.  2  we  can  see  very  clearly  the  inversion  density  is  different  from  that  case  of  CW  pumping.  We  must  derive  more 
accurate  analytical  expressions  to  match  this  case.  Because  we  have  derived  the  results  in  another  paper1  here  we  only  write 
down  the  necessary  expressions  for  discussing. 
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According  to  the  rate  equations  of  passively  Q-switched  laser,  we  can  write  five  coupled  differential  equations  as  following: 


(la) 

dn  n 

—  =  Ra-y<Jc<j>n - 

dt  t„ 

(lb) 

dn 

dt  =  0*c<t>ngs 

(lc) 

dnes  i 

dt 

(Id) 

(le) 

where  $  is  the  intracavity  photon  density,  o  is  the  stimulated  emission  cross  section  of  the  gain  medium,  n  is  the 
population  inversion  density  of  the  gain  medium,  ogs,  ces  are  the  absorber  ground,  ESA  cross  section,  respectively,  1  is 
the  length  of  the  gain  medium,  ls  is  the  saturable  length  along  the  cavity  axis,  t^lVc  is  the  cavity  round-trip  time, 
where  c  is  the  speed  of  light,  R  is  the  reflectivity  of  the  output  coupler,  L  is  the  nonsaturable  intracavity  round-trip 
dissipative  optical  loss,  Ra  is  the  pump  rate,  y  is  the  inversion  reduction  factor,  ta  is  the  lifetime  of  excited  state,  no  is 
the  total  population  density. 


t 


Define  the  pumping  factor  fp  as: 


4  = 


*pRg 

ni+ltpRa~nf 


where  tp  is  the  FWHM  pulsewidth. 


(2) 
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The  parameter  a”  is  very  important  because  it  means  how  far  the  absorber  is  bleached  compared  to  the  depletion  of  the 
inversion  density  of  the  active  material.  Its  value  lies  between  zero  and  one.  The  larger  a’5  is,  the  higher  the  efficiency  can 
reach.  In  another  words  it  will  spend  more  photons  to  bleach  absorber  if  a’  ’  is  smaller  and  only  a  small  part  of  the  photons 
enter  into  the  actual  laser  pulse.  If  we  may  neglect  the  pump  energy  (e.g.  in  CW  pumping  passively  Q-switched  lasers  for  its 
effect  is  too  small)  during  the  switching  time,  ot”  can  only  be  improved  by  selecting  proper  gain  and  absorber  material  since 
we  can  hardly  improve  the  absorber  ground  cross  section. 


Fig.  2  Population  inversion  and  photon  density  versus  time 


But  considering  the  pulse  pump  effect  during  the  switching  time  we  may  improve  the  a”  by  factor  fp.  The  following 
analysis  of  equation  (5)  will  demonstrate  it.  Here  the  inversion  reduction  factor  y  is  also  changed  to  y9  which  means  the 
effect  of  pump  energy  during  the  switching  time  is  absorbed  in  the  reduction  factor.  Thus  we  need  less  inversion  population 
to  produce  one  photon.  The  value  of  fp  marks  the  effect  brought  by  pump  power  in  switching  time.  The  factor  fp  also  ranges 
from  zero  to  1.  If  fp  equals  to  zero,  equation  (5)  will  become  the  same  as  Gouhua  Xiao’s  model.  If  fp  equals  to  1  (  That  is 
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impractical )  which  means  a”=oo}  equation  (5)  will  become  the  same  as  the  case  of  active  Q-switched  laser.  Then  we  can 
draw  a  conclusion  the  efficiency  of  passively  Q-switched  laser  is  always  smaller  than  that  of  active  Q-switched  laser. 


3.  RESULTS  AND  DISSCUSSION 

The  laser  diode  pumping  has  already  proved  to  be  comparatively  better  as  the  pump  diode  spectral  output  can  be  exactly 
tuned  to  match  the  highest  peak  of  Nd:YAG  absorption  bands.  This  enable  us  to  estimate  accurately  the  initial  inversion 
created  by  the  diode  laser  pump  elements.  The  electrical  to  optical  conversion  efficiency  can  also  be  measured  to  the 
accuracy  of  the  energy  meter. 

For  a  system  end-pumped  by  a  Gaussian  laser  beam,  we  can  write  the  pump  rate  as: 

Tn  fP 

Ra  ~  u  P{  a  P  ~~  exp(-a/)]  [1  -  exp(-^  /  A  )]  (6) 

hVp(Al) 

Where  Tp  is  the  transmission  of  the  pump  face  at  the  pump  wavelength  (assumed  to  be  near  1),  rjp  is  the  fraction  of  the 
energy  in  the  pump  band  relaxing  nonradiatively  to  the  upper  laser  multiplet  (also  believed  to  be  near  1  for  the  4F3/2  level  in 
Nd:YAG),  hvp  is  the  energy  of  a  pump  photon,  a  is  absorption  coefficient  of  gain  material  (e.g.  Nd:YAG),  Pp  is  the  pump 
power,  Ap=Ttcop2/2  and  A=  7tco2/2  are  the  effective  cross-sectional  area  of  the  Gausssian  pump  beam  and  laser  beam  area. 

Besides  equation  (5)  (  constrain  condition  )  and  (6)  (  pump  condition  )  we  need  to  list  the  following  equations  to  describe  a 
passively  Q-switched  laser: 


Initial  condition: 


n;  = 


2<v*<A+ln7?+i 

2a l 


where  n;  is  initial  inversion  population. 

Output  pulse  energy:  £  _  }n  1  }n  Hi 

lay  R  nf 

In— In— 

Output  efficiency:  ~  _  R  nf 

,£  2onl 


(7) 


(8) 


(9) 


First  we  numerically  calculated  the  microchip  passively  Q-switched  laser  reported  by  J.  Zayhowski  and  C.DIII8  to  test  our 
numerical  algorithm.  The  results  of  the  experiment  and  numerical  calculation  are  listed  in  table  1 .  The  errors  between  them 
are  acceptable  because  many  important  parameters  are  not  given  accurately. 


Pump  threshold  (W) 

Repetition  rate  (KHz) 

Pulse  Energy  (|xJ) 

Experiment  data 

0.8 

6 

11 

Numerical  calculation 

0.75 

5.86 

10.4 

Table  1  Comparison  of  the  experiment  and  numerical  calculation 


During  the  numerical  calculation  we  did  some  research  which  could  show  the  relation  between  the  parameters  and  the 
performance  of  passively  Q-switched  lasers.  Those  relations  are  quite  useful  for  the  designers  because  they  can  adjust  the 
parameters  to  reach  their  design  targets  (Table  2). 
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Parameters  and  their  variation 

Pulse  Energy 

Pump  threshold 

Repetition  rate 

Dissipative  loss  (L) 

Ground-sate  cross  section  of  SA  (ags) 

2* 

Excite-sate  cross  section  of  SA  (aes) 

-► 

2* 

Absorption  coefficient  of  gain  medium 

2* 

-► 

1 

r 

t 

Cross-sectional  area  of  the  pump  beam  (wp)  ^ 

-> 

t 

Cross-sectional  area  of  the  laser  beam  (w) 

>* 

_ 

t 

Stimulated  emission  cross  section  (a) 

2* 

i 

V 

_ t _ 

Absorption  coefficient  of  S A  (a) 

JLa 

2* 

_ 2? _ 

Table  2  The  relation  between  the  parameters  and  the  performance  of  passively  Q-switched  lasers 


Here,  the  symbol  means  “rise”,  means  “rise  dramatically”,  “  ^  means  “descend”,  ‘sjr  ”  means  “descend 

dramatically”,  “ _ ^  ”  means  “keep  constant  approximately”.  Some  parameters  are  very  important,  e.g.  to,  ags,  aes,  and  the 

absorption  coefficient  of  gain  medium.  The  performance  of  passively  Q-switched  laser  is  quite  sensitive  to  the  variation  of 
them. 

In  order  to  compare  the  difference  between  Guohua  Xiao’s  model  and  ours  for  an  CW  pumped  microchip  laser.  We 
numerically  calculated  the  same  case  with  them  respectively.  We  assume  the  length  of  its  resonant  cavity  is  equal  to  1 
millimeter  (i.e.  ls  +  1  =  1mm  ).  The  mirror  reflectivity  varies  from  95.5%  to  99%  and  the  length  of  the  SA  lies  between  0.02 
to  0.04  mm. 


Fig.  3  Numerical  calculation  results  with  Guohua  Xiao’s  model  for  CW  pump 
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The  results  calculated  by  Guohua  Xiao’s  model  and  ours  are  shown  in  Fig.  3  and  Fig.  4  respectively.  It  can  be  seen  that  the 
shape  of  their  3D  curves  and  values  are  almost  the  same.  In  fact  the  values  of  their  output  energy  are  so  close  that  only  the 
fifth  number  after  decimal  is  different.  This  example  shows  our  model  is  believable  and  the  effects  on  the  output  energy 
brought  by  CW  pump  can  be  neglected  ( i.e.  fp=0  in  our  model ). 


Fig.  4  Numerical  calculation  results  with  our  model  for  CW  pump 


4.  CONCLUSION 

Based  on  our  model  including  pump  rate  we  analyzed  the  effects  of  pump  during  switching  time.  Numerical  calculations 
have  been  done  to  show  the  creditability  of  this  model.  From  those  calculation  we  get  some  relation  between  important 
parameters  and  laser  performance  which  can  provide  guidance  for  laser  designers.  By  calculation  we  know  pre-pumping 
mechanism  will  not  influence  the  output  energy  greatly  thus  it  is  practical  for  us  to  improve  stability  of  passively  Q- 
switched  laser  with  this  mechanism. 
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ABSTRACT 

Based  on  the  growth  process  analysis  of  nanocrystalline  silicon  films,  a  fractal  growth  model  named  Diffusion  and 
Reaction  Limited  Aggregation  (DRLA)  model  is  proposed,  which  is  different  from  Diffusion  Limited  Aggregation  (DLA) 
model.  Nanocrystalline  silicon  films  with  quantum  scale  structures  were  prepared  by  PECVD  method.  Computer  simulation 
of  the  DRLA  model  has  been  done,  the  results  are  in  agreement  with  the  experimental  results.  The  relationship  between 
structure  of  nanocrystalline  silicon  film  and  aggregation  of  nanocrystalline  silicon  film  has  also  been  discussed. 

Keyword:  Quantum  structure,  Nanocrystalline  silicon  films,  Fractal  aggregation,  PECVD,  Computer  simulation 

1.  INTRODUCTION 

Nanocrystalline  silicon  films  are  indicated  a  lot  of  important  application  in  future  with  it’s  excellent  characterization, 
so  it  attracts  scientist’s  and  engineer  extensive  attention.  We  had  prepared  nanocrystalline  Zincoxide(nc-ZnO  )films'  with 
pillar-like  structure  and  excellent  piezoelectric  effect.  The  grain  size  of  Zincoxide  films  is  about  8-20  nm.  The  films  have 
been  applied  to  be  fabricated  integrated  sensitive  acceleration  sensor.  At  present,  the  nanocrystalline  silicon  films2  have 
been  prepared  by  Plasma  Enhanced  Chemical  Vapor  Deposition  (PECVD)  technique  with  typical  nanocrystalline  structure. 
The  experimental  results  show  that  the  nanocrystalline  silicon  films  have  many  excellent  advantages3'4  such  as  high 
conductivity,  high  piezoresistivity,  high  light  absorbance  and  so  on.  It  is  beneficial  to  manufacture  force  sensor  (pressure 
sensor,  acceleration  sensor). 

Since  Witten  and  Sander5  6  proposed  the  model  of  Diffusion  Limited  Aggregation  (DLA),  Meaking7  improved  on  this 
model  and  proposed  Kinetic  Cluster  Aggregation  (KCA)  model.  Academic  circles  are  very  interested  in  the  growth 
mechanism  of  films  which  is  grown  at  far  from  the  equilibrium  system,  especially,  the  fractal  aggregation  phenomenon  of 
the  films  grown  and  crystallization  have  been  paid  special  attention8. 

In  this  paper,  based  on  the  growth  process  analysis  of  nanocrystalline  silicon  films,  a  fractal  growth  model  called 
Diffusion  and  Reaction  Limited  Aggregation  (DRLA)  is  proposed.  It  is  differed  from  Diffusion  Limited  Aggregation  model. 
Computer  simulation  of  the  DRLA  model  has  been  done,  the  results  are  in  agreement  with  the  experimental  results.  The 
relationship  between  the  structure  of  nanocrystalline  silicon  films  which  prepared  by  PECVD  method  and  aggregation  of 
nanocrystalline  silicon  films  have  also  been  discussed. 
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2.  PREPARATION  OF  NANOCRYSTALLINE  SILICON 


Nanocrystalline  silicon  films  were  prepared  by  PECVD.  Figure  1  shows  the  diagrammatic  of  the  PECVD  system.  The 
reaction  gas  silane  (SiH4)  is  highly  diluted  by  H2,  the  ratio  of  SiH4/(SiH4+H2)  is  about  1-2%,  during  deposition  the  pressure 
of  gas  is  200Pa,  the  frequency  of  radiofrequency  electromagnetic  field  is  13.56MHz,  the  power  density  of  radiofrequency 
electromagnetic  field  source  is  0.44W/cm2.  Temperature  of  substrate  is  100-300°C,  applied  direct  biased  voltage  is  0— 400V, 
typical  value  is  -200V.  The  super  fine  grain  size  of  nanocrystalline  Si  films  is  3~9nm. 


F i g.  1  PECVD  system 


3.  TWO  PHASES  STRUCTURE  OF  NC-SI:H  FILMS 

The  grain  size  of  nano-Si:H  films  were  measured  by  Raman  Scattering  Spectrum  (RSS)  and  X-Ray  Diffraction  (XRD) 
technique. 


Fig.  2  Raman  scattering  spectrum  of  nc-Si;H  film 
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Figure  2  shows  the  Raman  scattering  spectrum,  a  curve  fitting  at  the  spectrum  peak  to  be  done9,  the  result  is  indicated 
that  the  spectrum  peak  of  curve  contains  two  separated  peaks.  One  peak  located  at  480cm'1  represents  a  disorder  structure 
peak,  and  another  peak  located  at  515cm'1  represents  crystalline  structure  peak.  The  grain  size  of  the  nanocrystalline  silicon 
can  calculate  by  the  formula6. 


d  =  2k 


f  B  ^ 

VA  w  ) 


Where  B  is  constant,  it  is  about  2.0cm  I.nm2,AW  is  difference  value  between  the  crystalline  peak  of  nanocrystalline  films  and  the 
peak  of  bulk  crystalline  silicon  located  at  521.5cm'1  .  After  calculating  we  can  get  the  average  value  of  grain  size  is  3.2nm,  and  it  is  in 
agreement  with  the  results  of  measured  by  X-ray  diffraction.  The  fraction  volume  of  crystalline  phase  is  defined  as 


Where  Ic  and  I,  is  integral  intensity  of  crystalline  peak  and  integral  intensity  of  disorder  peak  separately.  Using 
equation  (2)we  can  get  the  fraction  volume  of  crystalline  phase,  Vf=46%. 


The  power  of  radiofrequency  source,  the  temperature  of  substrate  and  concentration  of  reaction  gas  in  the  deposition 
system  of  films  are  important  factor  for  growth  of  nanocrystalline  silicon  films.  In  order  to  offer  enough  [H]  radical ,  the 
reaction  gas  SiH4  is  highly  diluted  by  hydrogen  (H2)  in  experiment,  and  a  negative  bias  voltage  is  biased  to  chamber,  so  that 
reaction  radical  [SiH4]+  arrived  at  the  surface  of  substrate  to  get  appropriate  energy,  that  is  favorable  to  form  proper 
crystalline  component  and  repel  effect  of  negative  oxygen  ion  on  growth  of  nanocrystalline  Si  film,  and  get  a  good  quality 
films. 


4.  ANALYSIS  OF  FILM  GROWTH  KINETIC  PROCESS 

The  plasma  chemical  reaction  is  a  complex  dynamic  process  in  the  chamber,  this  process  can  probably  divide  into 
three  step:  The  first  is  the  electron  under  effect  of  radio  frequency  electromagnetic  field  bombards  a  molecular  of  SiH„  gas 
and  generates  plasma;  The  second  is  electron  comes  into  complex  collision  with  various  particle  of  gas  phase  and  forms 
various  reactors;  The  third  is  when  the  interface  reaction  between  gas  phase  and  solid  phase  occur  in  the  surface  of  substrate, 
a  nucleation  in  a  random  site  of  substrate  surface  will  appear  and  form  aggregation  cluster  and  then  make  nc-Si:H  film  to  be 
grown.  The  interface  reaction  between  gas  phase  and  solid  phase  is  a  key  factor  for  forming  and  growing  of  the  thin  films.  It 
is  shown  by  reaction  equation  of  thermodynamic: 

r,  4 

SiH 4  (gas)<=>  Siisolid )  +  —  II m  {gas) 

ri  m 

Where  r,  and  r2  is  positive  rate  of  reaction  and  inverse  rate  of  reaction  separately.  When  the  silane  suffer  from  bombarding 
of  thermal  electron  in  plasma,  the  silane  will  divide  into  [SiHn]  radical  and  [H]  radical  which  will  accelerate  growth  of  thin 
films  and  the  collision  between  ions  urge  the  inverse  reaction  to  be  occurred.  The  experimental  results  show  that  only  the 
silane  (SiH4)  is  highly  diluted  by  hydrogen(H2),  the  Si-Si  weak  bond  of  being  formed  aggregation  cluster  in  the  surface  will 
be  etched  by  [H]  radical  and  formed  inverse  reaction.  So  the  growth  process  of  nc-Si:H  thin  film  is  a  dynamic  process,  that 
means  growth  of  film  and  etching  reaction  coexist.  It  is  important  for  growth  of  nanocrystalline  silicon  thin  film. 
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5.  FRACTAL  AGGREGATION  MODEL 


On  fractal  growth  mechanism  of  thin  film  has  been  described  by  some  models,  among  them  the  Diffusion  Limited 
Aggregation  (DLA)  model  and  Kinetic  Cluster  Aggregation  (KCA)  model  have  been  considered  to  be  representative  model 
and  to  be  applied  to  various  field.  Based  on  the  analysis  of  growth  kinetic  of  nc-Si:H  thin  film,  a  fractal  growth  model  called 
Diffusion  and  Reaction  Limited  Aggregation  (DRLA)  model  is  proposed,  the  DRLA  model  point  out  emphatically  that  the 
diffusion  motion  of  reaction  particle  and  chemical  etching  reaction  in  films  formed  process  coexist,  just  in  the  presence  of 
the  chemical  etching  reaction,  the  growing  up  of  grain  is  limited  and  the  nanocrystalline  grains  with  quantum  scale  structure 
are  formed. 

The  DRLA  model  is  that  in  640x480  dot  matrix  100  particles  of  silicon  with  random  distribution  are  acted  as  seeds, 
they  are  aggregation  nucleus.  Those  random  dots  act  as  a  random  nucleus  located  at  substrate  in  the  PECVD  system.  Then 
generated  100  particles  in  matrix,  among  them  atom  of  Si  occupy  70%  of  total  atoms  number  and  atom  of  H  occupy  30%  of 
total  atoms  number.  Those  particles  random  walks  in  the  matrix,  called  diffusion  process.  When  the  distance  between  silicon 
and  a  seed  of  Si  being  random  distribution  is  one  step,  Si  atom  will  aggregate  with  seed  of  Si  and  bonding.  Therefore,  each 
random  nucleus  are  formation  and  all  order  aggregation  cluster. 


Fig.  3  Fractal  aggregation  growth  of  nc~Si:H  film  by  computer  simulation 


Fig.  4  HREM  image  of  nc~Si:H  film 
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During  this  process,  atom  of  H  can  be  bonded  with  atom  of  Si  in  fixed  condition,  located  in  surface  of  each 
aggregation  cluster  and  atom  of  H  can  etch  these  Si-Si  weak  bonds,  to  change  it  into  moving  particle  and  joining  diffusion 
motion.  In  the  whole  process  the  ratio  of  Si  and  H  is  keep  constant.  According  this  model  the  simulation  results  is  different 
from  DLA  model  and  KCA  model.  In  this  model  an  order  area  with  clear  and  definite  boundary  is  nanocrystalline  grain  and 
interface  area  which  is  mainly  made  up  of  H  atom  bonding  with  Si  atom  are  formed. 

Figure  3  shows  an  image  of  nc-Si:H  film  in  growing  one  step  by  computer  simulation,  compare  with  the  image  (Figure 
4)  of  nc-Si:H  film  measured  by  High  Resolution  Electronic  Microscopy  (HREM) ,  they  show  better  agreement.  A  direction 
of  different  stripe  in  Fig.  4  represents  a  different  grain  and  a  interface  area  between  grains  is  formed.  It  is  shown  that  many 
grains  are  separated  by  interface  of  many  grains. 

From  statistical  calculation  of  Fig.  3  we  can  get  the  average  size  of  order  area  (crystalline  phase)  is  6.3nm,  and  average 
size  of  interface  area  (interface  phase)  is  1.9nm.  A  number  of  H  atom  occupy  28%  of  total  atoms  number.  From  the  size  of 
grain  and  the  size  of  interface  we  can  get  the  fraction  volume  of  interface  is  about  48%  of  total  atoms  number  and  fraction 
volume  of  crystalline  is  about  52%. 


Fig.  5  Sandbox  curve 

Using  Sandbox  method1011,  after  statistical  calculation  for  pixels  of  order  area  in  the  different  scale  show  that  there  is  a 
non-scale  area,  it  was  shown  a  linear  area  in  the  Fig.5  where  slope  of  curve  is  exactly  fractal  dimension  value  of  system  Df , 
in  other  words,  the  system  of  being  self-similarity  is  a  self-similarity  fractal  set.  It  may  deduce  that  there  are  infinite  level 
structure  and  infinite  fine  structure  in  the  system,  the  shape  of  structure  does  not  describe  by  traditional  geometry  terms.  But 
it  can  be  quantitatively  described  by  fractal  dimension  in  the  fractal  theory.  From  Fig.5  we  can  get  the  fractal  dimension 
Dr  1.81.  It  is  expected  that  this  fractal  dimension  is  different  from  it  of  DLA  and  KCA. 
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ABSTRACT 

ln203  and  Fe203  were  doped  in  LiNb03  and  Czochralski  method  was  used  to  grow  In:Fe:LiNb03  crystals.  The  light 
scattering  ability  resistance,  exponential  gain  coefficient,  diffraction  efficiency  and  response  time  of  die  crystals  were 
measured.  The  light  scattering  ability  resistance  and  response  time  of  In:Fe:LiNb03  is  one  magnitude  higher  than 
Fe:LiNb03.  In:Fe:LiNb03  was  used  as  storage  element  to  make  the  large  capacity  holographic  storage  and  the  holographic 
associative  storage  reality.  The  excellent  results  were  gained. 

Keywords:  In:Fe:LiNb03,  Czochralski  method,  two  wave  coupling,  crystal  growth,  crystal  polarizing,  exponential  gain 
coefficient,  diffraction  efficiency,  response  time,  light  scattering  ability  resistance,  large  capacity  holographic  storage, 
holographic  associative  storage 


1.  INTRODUCTION 

LiNb03  crystals  belong  to  trigonal  crystal  system  and  3m  point  group.  They  possess  the  electro-optic  effect  and  nonlinear 
optical  efficiency.  But  their  photorefractive  sensitivity  is  very  poor.  In  order  to  improve  the  photorefractive  sensitivity, 
Fe203  is  doped  in  LiNb03  to  grow  Fe:LiNb03  crystal.  Nevertheless  the  response  time  of  the  crystal  is  long  and  the  light 
scattering  ability  resistance  is  poor.  We  doped  ln203  in  Fe:LiNb03  to  grow  In:Fe:LiNb03  crystal.1  Both  light  scattering 
ability  resistance  and  the  response  rate  of  In:Fe:LiNb03  crystal  are  one  magnitude  higher  than  Fe:LiNb03  crystal.  Its 
diffraction  efficiency  is  higher,  storage  time  is  longer  and  thermal  fixing  is  easier  to  process.  In:Fe:LiNb03  crystal  as 
storage  media  is  superior  to  Fe:LiNb03  crystal.  The  large  capacity  storage  experiment  with  In:Fe:LiNb03  was  processed. 
Using  In:Fe:LiNb03  crystals  as  storage  medium  and  adopting  the  multi-angle  and  repeated  using  technology,  the  storage 
and  recovery  of  500~1000  digital  pictures  in  one  public  cubage  of  the  crystals  were  realized.2'5  Using  In:  Fe:  LiNb03 
crystals  as  storage  elements  and  the  phase  conjugate  reflectivity  mirror  of  Ce:Fe:LiNb03  crystal  as  threshold  organ,  the 
optical  holographic  associative  memory  was  achieved  and  the  output  pictures  were  clear,  low  noise  and  integrity. 

2.  CRYSTAL  GROWTH 

Using  siliconit  as  heater,  In:Fe:LiNb03  crystal  was  grown  by  Czochralski  method. 

2.1  Raw  Material  Preparation 

The  quality  of  Nb205  and  Li2C03  is  99%.  The  quality  of  Fe203  and  ln203  is  spectra  purity.  The  ratio  of  Li2C03  to  Nb2Os  is 
48.6:5 1.4(mol  ratio).  The  doped  quantity  of  Fe203  and  ln203  is  0.05mol%  and  1.8mol%  respectively.  The  weight  of  Nb2Os, 
Li2C03,  Fe203,  and  ln203  was  calculated  and  weighed  by  analytical  balance.  For  the  sake  of  keeping  congruent  raito,  every 
component  could  not  be  lost  during  blending  course.  The  raw  materials  were  mixed  in  pulsator  and  shaken  for  twenty-two 
hours.  Then  the  mixed  symmetrical  material  was  sintered  and  turned  into  In:Fe:LiNb03  polytropism.  The  technology  is  as 
follows.  ‘  ° 


3h  2h  3h  3h 

RT  — »  650"C  -»  650‘C  — >  1150‘C  — »  1150‘C  — »  RT 

raise  temperature  constant  temperature  raise  temperature  constant  temperature  deenergise 

where  RT  is  room  temperature.  For  C02  generated  form  Li2C03  decomposes  slowly,  the  material  keeps  constant 
temperature  in  650  ”C  for  two  hours,  which  can  avoid  other  material  is  carried  off  by  exsilient  C02  gas  to  destroy  the 
congruent  ratio.  The  chemical  equation  of  Li2C03  decompose  is  as  follows. 

Li2C03=C02 1  +Li20 
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2.2  Crystal  Growth  Technology 

The  parameters  of  In:Fe:LiNb03  crystal  growth  include  the  temperature  gradient,  the  crystal  growth  rate,  the  crystal  rotation 
rate  and  the  crystal  polarization. 

2.2.1  Temperature  Gradient 

The  temperature  gradient  comprises  axial  direction  and  radial  direction  temperature  gradient.  The  unit  differential 
temperature  above  and  under  the  melt  level  denotes  axial  direction  temperature  gradient.  Selecting  proper  temperature 
gradient  required  the  condition  as  folio  wingt  (1)  to  generate  the  advisable  degree  of  supercooling  in  the  center  of  the  melt 
surface;  (2)  to  keep  invariable  temperature  during  crystal  growth  in  order  to  make  crystal  shape  controlled  easily;  (3)  to 
make  the  thermal  stress  crystal  endured  small  to  avoid  crack;  (4)  not  to  produce  the  component  supercooling.  Because  the 
temperature  gradient  is  the  impetus  of  crystal  growth,  one  important  factor  to  grow  highquality  crystals  is  to  select  the 
proper  temperature  gradient.  The  proper  axial  direction  temperature  gradient  to  grow  In:Fe:LiNb03  crystal  is  35 “C  above 
the  melt  surface  and  15°C  under  the  melt  surface. 

2.2.2  Crystal  Growth  Rate 

The  time  that  the  crystal  growth  face  increases  unit  thickness  along  the  normal  direction  is  called  the  crystal  growth  axial 
rate.  It  includes  both  the  mechanical  lifting  rate  and  the  melt  surface  descending  rate.  The  crystal  growth  rate  depends  on  the 
temperature  gradient,  the  crystal  diameter,  the  material  purity,  the  dopant  species  and  the  dopant  quantity.  When  the 
condition  above-mentioned  is  ascertained,  the  crystal  growth  rate  has  a  maximum.  If  the  growth  rate  exceeds  the  maximum, 
the  component  supercooling  and  varieties  of  crystal  defects  will  appear.  To  grow  crystal  with  20mm~30mm  diameter,  the 
growth  rate  should  be  l~2mm/h. 

2.2.3  Crystal  Rotation  rate 

The  crystal  quality  depends  on  the  flat  degree  of  the  solid-melt  interface.  The  rotation  rate  is  one  of  most  important  factors 
that  influent  the  flat  degree  of  the  solid-melt  interface.  When  crystal  rotation  rate  is  high,  the  solid-melt  interface  can  turn 
flat  from  convex.  When  crystal  rotation  rate  is  low,  the  trend  that  the  solid-melt  interface  turns  concave  decreases.  The 
proper  rotation  rate  is  selected  and  the  flat  solid-melt  interface  will  be  gained.  In  our  experiment,  the  crystal  rotation  rate  is 
20rpm~25rpm. 

2.2.4  Crystal  Polarization 

In:Fe:LiNb03  crystal  is  ferroelectrics.  It  has  a  ferroelectric  transition  point  (Curie  point)  between  1150°C  and  1210°C. 
During  crystal  from  high  temperature  through  Curie  point  to  low  temperature,  the  crystal  will  turn  into  ferroelectric  phase 
from  paraelectric  phase.  In:Fe:LiNb03  crystal  is  one  dimension  ferroelectrics.  In  some  temperature,  the  self-polarization 
exists,  which  intensity  changes  with  the  outer  electric  field  adding  on.  The  self-polarization  of  as-grown  crystal  has  different 
directions  and  the  crystal  is  multidomain  crystal.  When  electromagnetic  wave  pass  multidomain  crystal,  it  will  be  scattered 
at  domainwall,  which  will  make  the  device  property  poor.  So  as-grown  crystal  must  be  polarized  artificially  so  that  the  Ps 
turn  direction  along  the  c-axial  and  the  crystal  becomes  the  single  domain  crystal.  In  our  experiment,  the  polarization 
current  density  is  5mA/cm2  and  the  polarization  temperature  is  1200°C.  After  polarized,  the  HF  and  HN03  mixture  liquid 
which  ratio  was  1 :2  eroded  the  crystal  piece.  Using  metallographical  microscope  to  observe  the  piece,  the  In:Fe:LiNb03 
crystal  was  polarized  completely. 

3.  PHOTOREFACTIVE  PROPERTY  OF  IN:FE:  UNB03  CRYSTAL 
3.1  Light  Scattering  Ability  Resistance  of  In:Fe:LiNb03  Crystal10 

The  light  scattering  ability  resistance  of  In:Fe:LiNb03  crystal  was  observed  by  straightly  observing  transmission  facula 
distortion  method.  Fig.  1  shows  the  experimental  setup.  Using  Ar+:Laser  of  A,=488.0nm  as  light  source  and  output 
wavelengh,  the  aggregate  capacity  was  continuously  regulated  by  spectroscope,  the  polarizing  direction  of  the  laser  beam 
was  parallel  with  c-axial  of  the  crystal  and  the  crystal  was  placed  on  the  focal  plane  at  the  back  of  the  convex  lens.  Using 
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following  equation,  the  beam  diameter  D  can  be  calculated  by  / that  is  the  focal  length  of  the  convex  lens  and  d  that  is  the 
diaphragm  diameter. 


D  = 


2fX 
n  d 


(1) 


where  d  is  the  wavelength  of  laser.  The  facula  acreage  Sis  gained. 


2  %d2 


(2) 


c-axial 


Fig.  1  Experimental  setup  of  the  light  scattering  ability  resistance  measuring:  LS’s, 
light  shed;  BS’s,  beam  splitter;  D’s,  detector;  CL’s,  convex  lens;  OS’s,  observation 
screen. 

When  the  laser  power  intensity  is  low,  light  scattering  is  unable  to  appear  in  the  crystal  and  the  facula  on  the  screen  is 
roundness.  When  the  laser’s  power  intensity  achieves  certain  value,  light  scattering  appears  inside  the  crystal  and  the  facula 
is  elongated  along  c-axial  of  the  crystal.  That  is  to  say  the  facula  is  distorted.  The  laser  power  intensity,  which  brings  the 
distortion  of  the  facula  transited  the  crystal,  is  called  the  light  scattering  ability  resistance  of  the  crystal.  Table  1  shows  the 
experimental  results. 


Table  1.  The  results  of  light  scattering  ability  resistance  of  crystals 


Crystals 

In:Fe:LiNb03 

Fe:LiNb03 

LiNb03 

Light  scattering  ability 
resistance(W/cm2) 

3.3  X103 

1.2X102 

3.1  X102 

It  is  obvious  in  Table  1  that  the  light  scattering  ability  resistance  of  In:Fe:LiNb03  is  one  magnitude  higher  than  that  of 
Fe:LiNb03. 

3.2  The  Exponential  Gain  Coefficient  of  In:Fe:LiNb03  Crystal 

The  exponential  gain  coefficient  of  two  wave  coupling  in  photorefractive  crystal  shows  that  the  power  of  pump  light  is 
transmitted  to  that  of  signal  light,  which  is  the  important  parameter  for  reflecting  the  self-amplification  ability  of  crystal 
material.  Through  discriminating  the  wave  coupling  equation,  the  formula  to  calculate  the  exponential  gain  coefficient  is 
obtained. 


/,(£)  =  /,(  0) 


/,(0)  +  /2(0) 


^(OH/^OexpCr^) 


-exp[(T-tf)£] 


(3) 
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(4) 


I2(S)  =  Il(0) 


7i(0)  +  72(0) 
/i(0)  +  /2(0)exp(T  (5) 


exp(-r  S) 


where  7,(0)  and  /2( 0)  is  the  incident  light  intensity  when  I  is  0,  r  is  the  exponential  gain  coefficient,  6  is  the  wafer 
thickness  and  a  is  the  absorbance  index  of  the  crystal. 

From  equation  (3),  it  is  concluded  that  when  P>  a  the  signal  7,  obtain  the  exponent  gain,  r  shows  the  per  unit  length  gain 
induced  by  n  /2  phase  shift  of  grating  component.  Above  equation  indicates  that  energy  exchange  is  produced  during  two 
beams  coupling.  One  of  two  beams  (signal  light)  is  amplified  for  gaining  energy  and  the  other  (pump  light)  is  weakened 
because  of  its  losing  energy.  When  the  optical  absorption  and  the  reflect  on  the  front  and  back  surfaces  of  the  crystal  are 
ignored,  r  shows  as  following  equation. 


Lh. 

hh 


— In— 

8  /, 


(5) 


where  /, '  and  I2  (/,  and  /2)  is  the  transmission  light  intensity  of  signal  light  and  pump  light  respectively  when  wave  is 
coupled  (not  coupled). 


The  exponent  gain  coefficient  for  the  crystal  is  measured  by  two  wave  coupling  optical  path.  Fig.  2  shows  the  experimental 
schematic  of  two  wave  coupling. 


AL 


Fig.  2  Experimental  schematic  of  two  wave  coupling:  Mh  M2  and  M3’s,  mirrors;  BS’s, 
beam  splitter;  AL’s  ArMaser;  D’s,  detector;  I10  and  I20’s,  incident  light;  and  I2’s, 
emergent  light. 

Ar+-laser  which  wavelengh  is  488.0nm  is  used  as  light  source.  The  polarization  direction  is  located  in  incident  plane.  2  0 
denotes  the  included  angle  between  7,  and  J2,  the  incident  light.  The  wafer  thickness  6  is  3mm.  The  light  passes  from  x- 
plane  of  the  wafer.  I20  is  3.28W/cm2  and  P  i.e.  72O/710=2600.  Fig.  3  shows  the  experimental  curve  of  F  dependence  on  2  0 . 
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For  2  0=13.5°  ,  the  exponent  gain  coefficient  P  achieves  the  maximum  18cm'1,. 

3.3  Diffraction  Efficiency  of  In:Fe:LiNb03  Crystal 

The  diffraction  efficiency  of  crystal  is  one  of  the  most  important  parameters  for  holographic  storage  material.  Using  storage 
material  with  high  diffraction  efficiency,  the  clearer  and  more  integrate  record  graphic  can  be  obtained.  Fig.  2  shows  the 
experimental  setup. 

The  definition  of  the  diffraction  efficiency  is  in  the  ratio  of  the  diffracted  intensity  lx  which  is  the  refractive  light  of  the 
pump  light  I20  through  the  grating  at  signal  light  Ii  to  the  signal  light  I,  when  there  is  no  the  grating,  i.e.,  n-  /,  //,  x  100%. 
The  e  polarize  light  of  Ar+  laser  which  wavelength  X  is  488.0nm  is  separated  into  two  beams  by  beam  splitter.  The  two 
beams  illuminate  the  crystal  with  included  angle  2  6.  The  pump  light  intensity  /20  and  710  is  1.82W/cm2  and  0.85  W/cm2 
separately.  Fig.  4  shows  the  experimental  curve  of  77  dependent  on  26. 


Fig.  3  Experimental  curve  of  n  ~2  0 

When  2  6  is  15°  ,  the  maximum  of  diffraction  efficiency  is  84%. 

3.4  Two  Wave  Coupling  Response  Time  of  In:Fe:LiNb03  Crystal 

The  definition  of  the  response  time  is  the  time  when  incident  light  begin  to  illuminate  the  crystal  to  the  time  when  the 
grating  achieves  1-e"1  of  the  stable  value.  When  the  light  intensity  /20  and  Il0  is  1 .82  and  0.85W/cm2  respectively,  the 
response  time  of  In:Fe:LiNb03  rIn  is  18s  and  that  of  Fe:LiNb03  rFe  is  182s,  i.e.,  the  response  time  of  In:Fe:LiNb03  is  one 
magnitude  higher  than  that  of  Fe:LiNb03. 

4.  LARGE  CAPACITY  STORAGE  EXPERIMENT 

The  key  of  the  high  development  of  the  information  society  is  the  high  density  of  the  information  storage  and  the  high  speed 
of  the  data  process.  The  crystal  holographic  storage  system  includes  the  prominent  feature  as  following:  (1)  large  capacity 
storage;  (2)  high-speed  data  transmission;  (3)  content  addressing  function;  (4)  high-speed  addressing;  (5)  high  degree  of 
storage  redundancy.  Because  the  picture  readout  by  the  crystal  memorizer  is  the  optical  reproduction  of  the  original  storage 
data,  the  further  optical  information  processing  can  be  carried  out  before  it  is  transformed  into  the  electronic  signal.  So  the 
whole  function  of  the  storage  system  is  enhanced  greatly. 

In  Fig.  5,  the  experimental  setup  is  showed.  The  incident  parallel  light  of  514.5nm  is  separate  into  reference  light  and  object 
light  by  polarizing  spectroscope  PBS.  The  lens  L3  and  L4  is  place  in  the  same  focus.  The  image  shaped  by  the  light 
modulator  SLM  locate  in  the  crystal  CR.  The  reference  light  arrives  the  record  crystal  via  the  lens  L„  the  reflect  mirror  M, 
and  the  lens  L2,  among  of  which  L,  and  M,  is  fixed  to  the  same  delicate  sliding  platform  S.  The  open  and  close  of  the 
electronic  shutter  SH,  and  SH2  and  the  collection  and  treatment  of  CCD  picture  are  controlled  by  the  computer.  The  size  of 
the  record  crystal  is  15  X  15  X  15(mm3).  The  c-axial  of  the  crystal  is  in  the  plane  of  the  crystal  surface  and  the  crossing  angle 
with  x-z  and  y-z  plane  is  45°  .  The  intensity  of  the  reference  light  and  the  object  light  can  be  adjustable  agilely  by  rotating 
the  1/2  wave  plate  in  front  of  the  polarizing  spectroscope.  The  most  important  factor  to  reality  large  capacity  body 
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holographic  storage  is  that  the  record  material  has  enough  dynamic  range.  Above  experimental  setup  has  been  used  to 
reality  the  storage  and  recovery  of  above  500  digital  images  in  a  public  volume.  The  study  is  still  under  way. 


Fig.  5  Experimental  setup:  PBS’s,  polarizing  spectroscope;  CR’s,  crystal;  M’s,  reflect 
mirror;  L’s,  lens;  S’s,  delicate  sliding  platform;  SH’s,  electronic  shutter;  SLM’s,  space 
light  modulator;  A  /2’s,  1/2  wave  plate. 


We  have  proceeded  with  the  holographic  associative  storage  experiment.  In  this  experiment,  He-Ne  laser  of  A  =632.8nm  is 
used  as  light  source,  the  polarizing  direction  is  in  the  incident  plane  (extraordinary  light),  In:Fe:LiNb03  crystal  is  used  as  the 
storage  element,  Ce:Mn:SBN  is  used  as  the  threshold  element  which  take  the  gaining  and  amplification  effect,  the  included 
angle  between  the  reference  light  and  the  object  light  is  13.2  degree  and  that  between  the  pump  light  and  signal  light  is  12.3 
degree.  Fig.  6  shows  the  index  path  of  the  holographic  associative  storage  experiment. 


Fig  6  Index  path  of  the  holographic  associative  storage  experiment:  M’s,  reflect 
mirror;  BS’s,  beam  splitter;  IP’s,  input  plane;  OP’s,  output  plane. 


The  ratio  of  two  beams  is  1:1.  The  pump  light  intensity  I,  and  I2  is  182  and  145mW/cm2.  Fig.  7(a)  shows  the  stored  image. 
When  a  part  of  the  stored  image  is  addressed  (as  in  Fig.  7(b)),  the  integrate  object  is  received  in  the  output  plane. 


Fig.  7  The  result  of  the  holographic  associative  storage:  (a)  the  stored  image;  (b)  a 
part  of  image  addressed;  (c)  output  image  of  holographic  associative  storage. 
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5.  CONCLUSION 


In:Fe:LiNb03  crystals  were  grown  by  Czochralski  method.  The  light  scattering  ability  resistance,  exponential  gain 
coefficient,  diffraction  efficiency  and  response  time  of  the  crystals  were  measured.  The  light  scattering  ability  resistance  of 
In:Fe:LiNb03  is  one  magnitude  higher  than  Fe:LiNb03.  The  exponential  gain  coefficient  F  is  18cm'1  and  the  diffraction 
efficiency  n  is  84%.  The  response  time  is  also  one  magnitude  higher  than  Fe:LiNb03.  In:Fe:LiNb03  was  used  as  storage 
element  to  make  the  large  capacity  holographic  storage  and  the  holographic  associative  storage  reality.  The  excellent  results 
were  gained. 
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ABSTRACT 

Wide  applications  of  lasers  have  stimulated  a  great  interest  in  development  of  optical  limiting  devices. 
These  devices  can  be  used  to  protect  optical  sensors  from  laser-induced  damage  because  their  transmission 
is  high  when  they  are  exposed  to  low-power  laser  light,  and  their  transmission  becomes  low  when 
irradiated  by  intense  laser  beams.  Here  we  report  such  a  device  based  on  nonlinear  optical  effects  in  two 
neutral  nickel  complexes  with  multi-sulfur  1,2  dithiolene  ligands,  [Ni(medt)2]  1  (medt  =  5,6-dihydro-6- 
methyl- 1 ,4-dithiin-2,3-dithiolate)  and  [Ni(phdt)2]  2  (phdt  =  5,6-dihydro-5-phenyl-l,4-dithiin-2,3- 
dithiolate).  The  limiting  device  consisted  of  a  focusing  setup  and  a  1-mm-thick  cell,  which  contained  a 
benzene  solution  of  one  of  the  complexes.  The  limiting  properties  were  investigated  by  both  nanosecond 
and  picosecond  laser  pulses.  At  532  nm,  the  limiting  thresholds  of  complexes  1  and  2  measured  by  the 
picosecond  laser  pulses  with  a  (/725)  focusing  geometry  were  determined  to  be  ~0.3  J/cm2.  The  linear 
absorption  spectra  of  the  two  complexes  also  indicated  that  their  limiting  response  should  cover  the  visible 
and  near-infrared  region  (up  to  900  nm).  All  these  results  show  their  limiting  performance  is  superior  to  the 
limiting  effect  in  C60.  Picosecond  time-resolved  pump-probe  and  Z-scan  experiments  revealed  that  the 
observed  limiting  effects  should  originate  from  excited-state  absorption  and  refraction. 

Keywords:  Nickel  dithiolenes,  picosecond,  nanosecond,  optical  limiting,  and  pump-probe  experiments 


1.  INTRODUCTION 

In  recent  years,  materials  exhibiting  strong  nonlinear-optical  behavior  have  been  of  considerable 
interest  because  of  their  applicability  in  a  variety  of  optical  devices.1  In  particular,  optical  limiters  have 
received  significant  attention  as  a  result  of  the  growing  needs  for  protection  of  both  human  eyes  and  optical 
sensors  from  intense  laser  beams.  An  idea  optical  limiter  should  have  the  capability  of  being  transparent  at 
low-energy  laser  pulses  and  opaque  at  high  energies.  The  most  frequently  reported  materials  are  fullerenes 
(C6o),  1-6  and  phthalocyanine  complexes,  T'10  which  are  generally  regarded  as  the  best  candidate  for  optical- 
limiting  applications.  They  are  materials  that  exhibit  strong  reverse  saturable  absorption.  For  such 
materials,  when  irradiated  by  laser  pulses,  the  electrons  at  the  ground  state  are  promoted  to  the  excited 
singlet  state  by  the  ground  state  absorption  in  the  material.  Through  inter-system  crossing,  a  part  of  the 
electrons  end  up  at  the  excited  triplet  state.  Due  to  stronger  absorption  of  the  excited  states,  there  is  a 
decrease  in  the  material  transmission,  thus  leading  to  the  desired  limiting  effect. 

We  note  that  there  exists  another  class  of  materials,  nickel  complexes  of  1,2-dithiolene  ligands.  These 
dithiolenes  have  been  used  as  Q-switch  dyes  for  near  infrared  lasers  such  as  Nd:YAG  lasers  since  the  early 
seventies.11  Recently,  they  have  also  been  intensively  investigated  as  optical-switching  materials  for  optical 
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communications,12"15  molecular  magnets,  conductors  and  superconductors.  l6~20  It  is  to  our  knowledge  that 
no  investigations  have  been  carried  out  on  the  optical-limiting  properties  of  dithiolene  complexes.  Here  we 
report  the  observation  of  the  optical-limiting  effects  in  two  neutral  nickel  complexes  with  multi-sulfur 
dithiolene  ligands,  [Ni(medt)2](medt  =  5,6-dihydro-6-methyl-l,4-dithiin-2,3-dithiolate)  1  and  [Ni(phdt)2] 
(phdt  =  5,6-dihydro-5-phenyl-l,4-dithinn-2,3-dithiolate)  2.  The  observation  has  been  carried  out  by 
nanosecond  and  picosecond  laser  pulses  at  wavelength  of  532  nm.  The  mechanisms  leading  to  the  observed 
limiting  effects  are  also  investigated. 


2.  EXPERIMENTAL 

The  preparation  of  the  two  dithiolene  complexes  1  and  2  was  reported  elsewhere.15  The  structures  of  both 
complexes  were  identified  from  IR  spectra  and  elemental  analysis.8  The  chemical  structures  of  complexes  1 
and  2  are  shown  schematically  in  Fig.  1.  It  can  be  seen  that  the  four  sulfur  atoms  surrounding  the  nickel 
atom  yield  a  square  planar  coordination.  The  five-membered  ring  containing  the  nickel  atom  forms  a 
delocalized  7r-electron  system,  making  it  favorable  nonlinear- optical  material. 

The  dithiolene  complexes  1  and  2  were  dissolved  in  benzene  (C6H6)  and  contained  in  1-mm-thick  quartz 
cells  for  optical  measurements.  The  electronic  spectra  of  the  two  solutions  were  recorded  with  a 
spectrophotometer  (Hitachi  U-3410).  The  nonlinear-optical  responses  of  the  two  solutions  were  measured 
with  frequency- doubled,  pulsed  Nd:YAG  lasers.  The  lasers  were  operated  at  a  repetition  rate  of  10  Hz.  The 
spatial  profiles  of  the  pulses  were  nearly  Gaussian  after  passing  through  a  spatial  filter.  Three  types  of 
experimental  setup  used  for  the  nonlinear-optical  measurements  are  described  as  follow: 


(1)  The  optical-limiting  behavior  was  observed  by  measuring  the  nonlinear  (energy-dependent) 
transmission  of  the  two  solutions  with  532-nm  laser  pulses  of  7-ns  and  35-ps  (FWHM)  durations. 
The  laser  pulses  were  split  into  two  parts:  the  reflected  was  used  as  a  reference,  and  the 
transmitted  was  focused  onto  the  sample.  The  transmitted  pulses  were  focused  onto  the  sample  by 
using  focusing  geometry  (/76 4)  and  (/725)  for  nanosecond  and  picosecond  measurements 
respectively.  The  sample  was  placed  at  the  focus  where  the  spot  radii  of  the  pulses  were  30  +  5  pm 
and  24  ±  5  pm  (FWl/e2M)  for  the  7-ns  and  35-ps  pulses,  respectively.  An  aperture  with  a 
transmittance  of  40%  was  placed  in  front  of  the  transmission  detector  when  the  measurements 
were  performed.  Both  the  incident  and  transmitted  pulse  energies  were  monitored  simultaneously 
by  using  two  energy  detectors  (Rjp-735  energy  probes,  Laser  Precision),  which  were  connected  to 
a  computer  by  an  IEEE  interface. 

(2)  The  Z-scan  setup  2l’ 22  was  similar  to  that  used  for  the  above  measurements  except  that  the  sample 
was  moved  along  the  propagation  direction  (Z-axis)  of  the  transmitted  beam  with  respect  to  the 
focal  plane.  By  keeping  the  incident  pulse  energy  constant,  the  pulse  energy  transmission  through 
the  sample  was  measured  with  respect  to  the  sample  Z-position,  The  aperture  was  placed  in  front 
of  the  transmission  detector  in  the  closed-aperture  Z-scans  and  removed  in  the  open-aperture  Z- 
scans. 


(3)  The  picosecond  time-resolved  pump-probe  experimental  setup  was  a  standard  arrangement,  where 
the  peak  irradiance  of  the  probe  pulse  is  approximately  1%  of  that  of  the  pump  pulse.  The  pulse 
duration  was  14  ps  (HWHM).  The  probe  pulse  was  focused  to  a  spot  size  approximately  one 
fourth  as  large  as  the  pump  pulse  as  to  reduce  the  spatial  averaging  effects  while  sampling  the 
largest  nonlinearity.  The  spot  size  of  the  pump  pulse  was  100  pm.  The  pump  pulse  and  the  probe 
pulse  were  incident  on  the  sample  at  an  angle  of  3°  with  respect  to  each  other. 


Fig.  1  Absorption  spectra  of  complexes  1  (— )  and  2  ( — )  in  benzene  solution  with  1-mm  optical  path  and 
concentration  of  1 .9  x  lO^M  for  complex  1  and  6. 1  x  10‘4M  for  complex  2.  Inset  shows  the  structures  of 
the  two  complexes. 


3.  RESULTS  AND  DISCUSSION 

The  UV-visible  absorption  spectra  of  complexes  1  and  2  in  benzene  solution  are  depicted  in  Fig.  1. 
It  is  noticed  that  there  is  a  relatively  low  absorption  in  the  visible  and  near-IR  region  (400-900  nm)  for 
both  the  complexes.  The  spectra  are  dominated  by  two  intense  absorption  bands,  one  band  is  centered 
at  around  1000  nm  (71-71*  transition)  and  the  other  one  at  around  300  nm  (ascribed  to  S-»M  charge 
transfer  band).15  These  indicate  that  both  complexes  have  generally  a  broader  transparent  range  than 
phthalocyanines  (500-700  nm).7  Since  a  broad  transparent  range  is  an  important  criterion  in  the 
assessment  of  optical-limiting  materials,  the  spectra  of  these  nickel  dithiolene  complexes  have  shown 
that  their  limiting  response  should  cover  a  wider  range  thus  are  more  superior  than  phthalocyanines 
complexes. 

Fig,  2  shows  the  normalised  transmittances  of  complexes  1  and  2  in  benzene  solution  measured 
with  the  nanosecond  and  picosecond  pulses.  The  linear  transmittance  of  the  two  solutions  was  about 
83%  at  532  nm.  The  linear  transmittance  of  both  the  solutions  was  about  33%  when  the  aperture  was 
used.  At  very  low  input  fluences,  the  transmissions  of  the  two  solutions  behave  linearly.  The 
transmittance  begins  to  decrease  rapidly  as  the  incident  fluence  reaches  about  0.1  J/cm2  for  both 
complexes  1  and  2.  The  limiting  threshold  is  defined  here  as  the  incident  fluence  at  which  the 
transmittance  falls  to  50%  of  the  linear  transmittance.  From  Fig.  2,  the  limiting  thresholds  of  complexes 
1  and  2  are  determined  to  be  ~0.3  J/cm2  for  the  picosecond  measurements  and  -2.0  J/cm2  for  the 
nanosecond  measurements.  It  should  be  pointed  out  that  the  optical  limiting  responses  were  measured 
with  the  aperture  placed  in  front  of  the  transmission  detector.  It  is  known  that  such  an  aperture  can 
enhance  the  limiting  effect  by  blocking  a  part  of  the  transmitted  beam,  which  is  expanded  due  to  self- 
lensing  effect  in  the  high-power  regime.  The  limiting  effects  were  observed  to  deteriorate  without  the 
aperture,  indicating  that  a  self-lensing  effect  had  enhanced  the  limiting  effect  in  Fig.  2. 


Fig.  2  Fluence-dependent  transmittance  of  the  complexes  measured  at  532  nm.  (a)  The  filled  circles  (•)  and  the 
open  triangles  (A)  were  the  data  measured  with  7-ns  laser  pulses  for  complexes  1  (1.9  x  10'4M)  and  2 
(6.1  x  lO^M),  respectively,  (b)  The  filled  circles  (•)  and  the  open  triangles  (A)  were  the  data  measured 
with  35-ps  laser  pulses  for  complexes  1(1. 9x  10'4M)  and  2  (6.1  x  1  O^M),  respectively. 


To  gain  insight  on  the  mechanisms  leading  to  the  observed  limiting  effects,  we  performed  the 
picosecond  time-resolved  pump-probe  experiments  and  Z-scan  measurements.  The  pump-probe 
experiments  were  conducted  at  the  pump  fluence  of  0.06  J/cm2.  The  pump-probe  results  for  complexes 
1  and  2  are  displayed  in  Fig.  3.  The  linear  transmittance  for  complexes  1  and  2  was  67%  and  85%, 
respectively.  The  ground-state  absorption  cross-sections,  ct0,  were  measured  to  be  9.3  x  10*18  cm2  for  1 
and  2.8  x  10'18  cm2  for  2  at  532  nm.  The  data  in  Fig.  3  are  a  typical  behavior  resulting  from  excited- 
state  absorption.  Based  on  a  five-level  model, 23  we  fit  the  data  with  equation  (1), 


T(t)  =  T(0)bexp(-t/zz)+(l-b)Qxp(-t/Ts), 


(1) 


where  T(t)  is  the  normalised  nonlinear  transmittance;  rT  is  the  lifetime  of  the  triplet  state;  rs  is  the 
lifetime  of  the  singlet  state  and  b  is  given  by  (2), 


a 


<y  i  (To 


(2) 


where  cf  ,and  cf2  are  cross-sections  of  the  excited  singlet  and  triplet  state,  respectively  and  <j>  is  the 
percentage  of  the  total  excited-state  population  that  ends  up  in  the  triplet  state  and  is  given  by  . 
By  the  best  fits,  we  determined  that  tt  >  0. 1  ps  and  rs=  0.8  ns  for  1;  and  rr  >  0.1  ps  and  zs  =  1.5  ns  for 
2.  We  also  found  that  b  =  0.23  and  0.45  for  complexes  1  and  2,  respectively. 
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Fig.  3  Probe  transmittance  as  a  function  of  time  delay  for  (a)  complex  1  (1.4  x  10'3M)  and  (b)  complex  2  (6.2  x 
10‘4M).  The  pump  fluence  was  0.06  J/cm2.  The  filled  circles  (•)  are  the  experimental  data  and  the  thick 
curves  ( —  )  are  the  theoretical  fits. 


In  order  to  obtain  the  nonlinear  cross-sections  for  these  complexes,  we  conducted  the  Z-scan 
measurements.  The  Z-scan  results  for  complexes  1  and  2  obtained  from  the  nanosecond  and  picosecond 
measurements  are  shown  in  Fig.  4,  which  show  a  positive  sign  for  the  nonlinear  refraction  in 
complexes  1  and  2.  This  indicates  that  the  laser  beam  propagating  in  both  the  complexes  should 
undergo  a  self-focusing  process.  This  self-focusing  process  can  enhance  limiting  effectiveness  as 
shown  in  our  nonlinear  transmission  measurements.  The  positive  sign  of  the  refractive  nonlinearities  in 
the  two  complexes  is  similar  to  that  found  in  metallopthalocyanines;  and  such  nonlinearities  are 
attributed  to  excited-state  refraction.7  In  Fig.  4,  the  solid  curves  are  the  best  fitting  by  using  the  five- 
level  model.23  In  the  fittings,  all  the  lifetimes  used  are  those  determined  from  the  pump-probe  data.  The 
picosecond  Z-scans  measured  with  and  without  the  aperture  enabled  us  to  unambiguously  extract  the 
absorptive  cross-section,  and  refractive  cross-section,  ( ar ;)  for  the  excited  singlet  state.7  Similarly,  the 
nanosecond  Z-scans  enabled  us  to  obtain  the  absorptive  cross-section  and  refractive  cross-section,  (crr2) 
for  the  excited  triplet  state.  These  cross-sections  are  listed  in  Table  1  and  compared  favorably  with 
those  of  silicon  naphthalocyanines  (SiNc)  and  chloro-aluminimum  phthalocyanines  (CAP).7 


Z  Position  (m) 

Fig.  4  Z-scan  results  for  complexes  1  (1.9  x  10'4M)  and  2  (6.1  x  10'4M).  The  data  in  (a)  and  (b)  were  obtained 
with  the  7-ns  pulses.  The  results  in  (c)  and  (d)  were  recorded  with  the  35-ps  pulses.  The  input  energies 
for  the  nanosecond  and  picosecond  measurements  were  25  pJ  and  5  pJ,  respectively.  The  open  circles 
(o)  and  open  triangles  (A)  were  the  Z-scan  data  measured  without  the  aperture  and  the  filled  circles  (•) 
and  filled  triangle  (A)  were  those  obtained  from  dividing  the  closed-apeiture  Z-scans  by  the  open- 
aperture  ones. 


Table  1 :  Excited-state  properties  of  nickel  dithiolenes,  phthalocyanines  and  naphthalocyanines 


Sample  Pulse  Ttc  rSIe  cr“ /  erV  <rr/  ar2‘ 

_ width  (ns)  (ns)  (ns)  (10'17cm2)  (10'17cm2)  (10'17cm2)  (10'l7cm2) 

r  AX>a  OQ  nr  XT  A  ^  IQ  n  ^  'i  XT  A  b  r~o  VT  A  b 


CAP" 

29  ps 
and 

61  ps 

N.A* 

18 

7 

2.3 

N.A4 

1.8 

N.A® 

SiNc" 

29  ps 
and 

61  ps 

N.A* 

16 

3.15 

3.9 

N.A6 

0.47 

N.A6 

Complex 

1 

7  ns 
and 

35  ps 

>0.1 

13 

0.85 

5.0 

2.2 

2.0 

1.8 

Complex 

2 

7  ns 
and 

35  ps 

S0.1 

6 

2 

2.5 

1.0 

3.2 

1.8 

480 


°[7];  ‘Results  not  available;  "Triplet  state  lifetime;  ‘'inter-system  crossing  time;  'Singlet  state  lifetime; 
■'Singlet  excited-state  absorption  cross-section;  8 Triplet  excited-state  absorption  cross-section;  h  Singlet 
excited-state  refraction  cross-section; 1 11  Triplet  excited-state  refraction  cross-section. 


4.  CONCLUSION 

The  optical-limiting  and  nonlinear-optical  properties  of  two  neutral  nickel  dithiolene  complexes, 
[NiOnedth]  1  and  [Ni(phdt)2]  2  have  been  observed  with  nanosecond  and  picosecond  laser  pulses.  The 
observed  nonlinear  effects  in  the  two  complexes  can  be  explained  by  excited-state  absorption  and 
refraction.  These  two  complexes  are  shown  to  be  promising  for  limiting  applications  in  the  visible  and 
near  infrared  spectral  region. 
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ABSTRACT 

Optical  limiting  effects  in  cubane-like  metal  clusters  (n.3-MoSe4)X3(PPh3)3Cl  (X  =  Cu,  Ag)  dissolved  in  dichlormethane 
(CH2CI2)  have  been  studied  by  measurements  of  nonlinear  transmission,  nonlinear  scattering,  and  pump-probe.  The 
nonlinear  transmission  measurements  show  that  there  are  strong  optical  limiting  effects  in  these  two  cluster  solutions;  and 
the  silver-containing  cluster  has  larger  limiting  properties  than  the  other.  The  nonlinear  scattering  results  indicate  that 
nonlinear  scattering  is  responsible  for  the  limiting  action  in  both  clusters.  And  the  pump-probe  experiments  show  that  the 
nonlinear  scattering  is  thermal  in  origin. 

Keywords:  Optical  limiting,  nonlinear  scattering,  pump  probe,  cubane  like,  inorganic  cluster 

1.  INTRODUCTION 

Inorganic  metal  clusters,  like  carbon  black  suspension  (CBS),  are  promising  candidates  for  broad-band  optical  limiting 
application  from  visible  to  IR  region.  During  the  past  years  we  have  synthesized  a  series  of  the  coinage-metal/[MS4]2'  (M  = 
Mo,  W)  compounds  and  observed  large  optical  nonlinearities  in  these  clusters.1'9  The  structures  of  the  clusters  vary  widely, 
including  nest-shaped  clusters,1,2  twenty-nuclear  supracage-shaped  clusters,3  twin  nest-shaped  clusters,4  butterfly-shaped 
clusters,5  cubane-like  clusters,6"*  and  hexagonal  prism-shaped  clusters.9  The  strongest  optical  limiting  effect  has  been 
observed  in  the  prism-shaped  cluster  [Mo2Ag4S8(PPh3)4,  which  is  about  ten  times  larger  than  that  observed  in  C«).9'10 
However,  the  chemistry  and  optical  nonlinear  response  of  the  corresponding  selenide  anions  [MSe4]2"  (M  =  Mo,  W)  and 
their  related  compounds  have  not  been  well-investigated.11  It  is  also  natural  for  ones  to  speculate  that,  similar  to  their 
sulfuric  counterparts,  Se-containing  clusters  may  possess  large  nonlinear  optical  properties  as  well. 

Here  we  report  the  nonlinear  responses  of  two  new  transition-metal,  Se-containing  clusters,  (//3-MoSe4)Cu3(PPh3)3Cl 
(cluster  I)  and  (/*rMoSe4)Ag3(PPh3)3Cl  (cluster  II).  They  have  been  synthesized  by  using  the  low-heating  solid-reaction 
method11  and  are  of  cubane-like  structures  and  part  of  heteroselenometalates.  With  nanosecond  laser  pulses,  the  limiting 
effects  in  the  two  clusters  have  been  measured  and  compared  with  C60  and  Se-containing  cubane-like  clusters.  To  study  the 
limiting  mechanism(s),  we  have  also  measured  the  angular  distribution  of  scattered  energy  generated  in  the  limiting  process 
for  the  clusters.  We  have  found  that  the  total  scattered  energy  should  account  for  a  large  part  in  the  total  energy  loss.  Our 
pico-second  time-resolved  pump  probe  experiments  have  revealed  that  such  nonlinear  scattering  is  thermal  in  origin. 

2.  EXPERIMENT 

Clusters  I  and  II  were  synthesized  and  characterized  using  published  methods.12"15  Results  of  their  elemental  analysis 
are  C,  45.1;  H,  3.12;  P,  6.32;  Cu,  13.6;  Mo,  6.68%  and:  C,  42.1;  H,  3.13;  P,  6.12;  Ag,  22.5;  Mo,  5.97%  respectively. 
Clusters  I  and  II  have  the  same  cubane-like  molecular  configuration.  The  molecular  structure  of  cluster  I  contains  a  highly 
distorted  cubane-like  {MoCu3Se3Cl}2+  cluster  core  with  one  Se2"  terminal  ligand  bound  to  Mo,  and  PPh3  ligand  bound  to 
each  Cu  atom.  In  the  core  of  {MoCu3Se3Cl},  both  the  Cu  and  Mo  atoms  are  tetrahedrally  coordinated.  Each  Cu  center  is 
bonded  tetrahedrally  to  one  P,  one  Cl  and  two  Se  atoms  and  the  Mo  center  is  bonded  tetrahedrally  to  four  Se  atoms.  In 
cluster  II,  all  the  Cu  atoms  are  replaced  by  Ag  atoms.  However,  two  structures  belong  to  different  space  groups,  cluster  I 
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Fig.l  Linear  absorption  spectra  of  cluster  I  ((n3-MoSe4)Cu3(PPh3)3Cl  )  and  cluster  II  ((g3-MoSe4)Ag3(PPh3)3Cl)  in  CH2C12  with 
1mm  cell.  The  linear  transmittance  for  cluster  I  and  cluster  II  are  62%  and  78%  respectively. 


crystallized  in  the  orthorhombic  P2]2]2]  space  group,  while  cluster  II  is  of  triclinic  P-l  space  group.  Moreover,  there  is  a 
large  difference  in  M-Cl  (M  =  Cu,  Ag)  bond  distances.  Cluster  I  presents  two  kinds  of  Cu-Cl  bond  distances:  one  short  and 
two  long  bond  distances.  Cluster  II  has  three  long  Ag-Cl  bonds,  which  suggest  that  cluster  II  should  have  more  distorted 
cubane-like  cluster  core  than  cluster  I.  The  dichloromethane  (CH2C12)  solutions  of  clusters  I  and  II  were  placed  in  1-mm 
quartz  cuvettes  for  optical  measurements.  The  solutions  were  such  prepared  that  they  are  of  the  same  concentrations,  1 
mmol/dm3. 

In  the  nonlinear  transmission  and  scattering  experiments,  linearly  polarized,  7-ns  pulses  from  a  Q-switched  frequency- 
doubled  (532  nm)  Nd:YAG  laser  were  focused  onto  the  sample  with  a  25-cm-focal-length  mirror.  The  spatial  profiles  of  the 
pulses  were  nearly  Gaussian.  The  spot  radius  of  the  laser  beam  was  measured  by  Z-scan  technique  to  be  about  30±5  pm 
(half  width  at  1/e2  maximum).  The  laser  was  operated  in  single-shot  condition,  or  10-Hz  repetition  rate.  The  energy  of  the 
scattered  light  was  measured  under  the  same  experiment  except  that  the  detector  was  positioned  at  different  angles  with 
respect  to  the  optic  axis.  The  angle  was  varied  from  0  to  170  degree  in  increments  of  10  degree.  Since  the  orthogonal 
components  of  the  scattered  light  are  orders  of  magnitude  lower  in  intensity  as  was  observed  in  ref.  16,  depolarization  of  the 
input  laser  pulses  could  be  neglected  and  hence  no  polarizer  was  used  in  front  of  the  detector.  The  laser  was  originally 
horizontally  polarized.  Vertically  polarized  input  pulses  were  obtained  with  a  half-wave  plate.  Both  the  scattered  light 
produced  by  the  vertically  and  horizontally  polarized  input  beams  were  measured. 

The  samples  were  also  tested  in  a  time-resolved  pump-probe  experiment  with  532-nm  pulses  of  35-ps  duration 
produced  by  a  Q-switched,  mode-locked,  frequency-doubled  Nd:YAG  laser.  We  employed  a  standard  pump-probe 
arrangement  where  the  peak  irradiance  of  the  probe  pulse  was  approximately  5%  of  that  of  the  pump  pulse.10  The  pump  and 
probe  were  orthogonally  polarized  to  avoid  interference  and  were  incident  at  an  angle  of  10°  with  respect  to  each  other.  The 
probe  was  delayed  relative  to  the  pump  pulse.  Both  the  probe  and  pump  were  focused  onto  the  cell  with  a  beam  waist  of 
75pm.  In  all  the  experiments,  the  incident  and  transmitted  (or  scattered)  pulse  energies  were  simultaneously  recorded  by 
two  Laser  Precision  detectors,  which  were  linked  to  a  computer  by  an  TF.F.F.  interface.  9 


3.  RESULTS 
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Fluence  ( J/cm2 ) 

Fig.2  Optical  limiting  response  to  7-ns,  532  nm  laser  pulses,  with  clusters  I  (upper  graph)  and  II  (lower  graph)  in  dichloromethan 
(CH2C12)  with  1-mm  optical  length:  filled  circle,  single  shot;  filled  box,  10  Hz.  Linear  transmittance  is  62%  for  Cluster  I  an 
78%  for  cluster  D.  Both  samples  have  identical  concentration. 


The  UV-visible  absorption  spectra  of  the  clusters  in  CH2C12  solution  are  shown  in  Fig.l.  Cluster  I  has  two  shoulders 
around  422  nm  and  388  nm  with  a  large  absorption  peak  observed  near  280  nm.  Compared  to  cluster  I,  cluster  II  has  a 
relatively  flat  absorption  spectrum  in  the  visible  region  with  a  fundamental  absorption  edge  at  240  nm.  This  difference 
induces  a  relatively  lower  transmittance  at  532  nm  laser  light  for  cluster  I  (62%)  than  for  cluster  II  (78%)  with  the  same 
concentration. 

The  optical  limiting  effects  for  cluster  I  and  cluster  II  are  depicted  in  Fig.  2.  The  transmittance  is  normalized  to  its 
linear  transmittance  measured  when  the  fluence  is  low.  The  sample  transmittance  starts  to  drop  as  the  input  light  fluence 
reaches  about  0.1  J/cm2  and  become  increasingly  less  transparent  as  the  light  fluence  rises.  The  thresholds  for  these  two 
samples  in  the  single-shot  condition  are  1.8  and  0.8  J/cm2  for  cluster  I  and  II,  respectively.  As  the  pulse  repetition  rate 
increases  to  10  Hz,  The  samples  became  less  effective  in  optical  limiting  and  larger  threshold  values  were  observed.  To 
testify  their  effectiveness  as  broad-band  optical  limiters,  the  1064-nm-wavelength  laser  pulses  from  the  nanosecond 
Nd:YAG  laser  have  been  used.  At  1064  nm,  the  limiting  threshold  for  cluster  II  is  about  three  times  larger  than  at  532  nm 
while  cluster  I  does  not  possess  the  liming  effect  anymore. 

This  less  effectiveness  at  1064-nm  wavelength  may  be  attributed  to  the  obvious  reduction  in  the  linear-absorption 
coefficients  (the  linear  transmittance  for  both  the  samples  is  about  98%  at  1064  nm).  Recent  experiments  on  a  hex-prism 
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Fig.  3  Ratios  of  scattered  energy  to  input  energy  as  a  function  of  input  fluence  for  cluster  I  (upper  graph)  and  cluster  13  (lower 

graph).  Input  beam  was  vertically  polarized.  Plots  of  0°  corresponds  to  common  optical  limiting  results. 


Table  1  Limiting  thresholds  of  clusters  with  cage-shaped  structure  measured  at  532nm  with  7-ns  laser  pulses. 


Compound 

Solvent 

Linear  transmis¬ 
sion^) 

Limiting 

threshold/ 

Jem2 

Ref. 

C60 

Toluene 

62 

1.6 

17 

fNBun4l3fWCu3Br4S4l 

MeCN 

70 

1.1 

8 

_ lNBun4l3rWAg3Br4S4l 

MeCN 

70 

0.6 

8 

[NBu"4l3[WAg3BrI3S4l 

MeCN 

70 

0.5 

8 

rNBun4l3rWAg3BrCl3S4l 

MeCN 

70 

0.6 

r  8 

Mo2Ag4Sg(PPh3)4 

MeCN 

92 

0.1 

9 

(//3-MoSe4)Cu3(PPh3)3Cl 

CH2CI2 

62 

1.8 

This  work 

ta-MoSe4)Ag3(PPh3)3Cl 

ch2ci2 

78 

0.8 

This  work 
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Fig.4  Normalized  transmittance  of  the  probe  as  a  function  of  time  delay  for  a  pump  fluence  of  1 . 14  J/cm  for  various  samples:  Cgo, 
open  circle;  cluster  I,  filled  triangle;  cluster  n,  open  box. 


cage  shaped  inorganic  metal  cluster  Mo2Ag4S8(PPh3)4  have  indicated  that  the  limiting  effect  originate  from  nonlinear 
scattering  process,  similar  to  that  observed  in  carbon  black  suspension  (CBS).10,16  In  the  nonlinear  scattering  process,  the 
linear  absorption  initiates  heating,  which  vaporize,  and  ionize  the  clusters.  As  a  result,  the  clusters  scatter  light,  leading  to 
the  limiting  effect.  At  1064  nm  where  the  linear  absorption  becomes  much  smaller,  the  heating  is  less  effective  and  so  is 
nonlinear  scattering,  which  leads  to  degrading  of  the  limiting  effect. 

It  is  interesting  to  compare  these  two  new  clusters  with  other  well-known  optical  limiting  materials.  Table  1  shows  the 
limiting  thresholds  of  cluster  I  and  cluster  II  along  with  other  cubane  clusters,  hexagonal  prism-shaped  clusters  and  Ceo-  All 
the  silver-contained  clusters  have  lower  thresholds  than  those  of  the  copper-contained  clusters.  This  significant 
improvement  of  limiting  capability  by  replacing  skeleton  Cu  atoms  with  Ag  atoms  is  consistent  with  the  nonlinear  scattering 
model,10,16  in  which  the  plasmas  may  be  more  easily  generated  due  to  the  fact  that  silver  has  a  much  lower  sublimation 
temperature  than  copper. 

The  limiting  data,  along  with  the  ratios  of  scattered  to  input  energy  measured  at  different  angles,  are  shown  in  Figure  3, 
in  which  only  the  results  obtained  with  vertically  polarized  input  beams  are  presented.  There  is  no  nonlinear  scattered  light 
when  the  input  fluence  is  less  than  0.1  J/cm2.  With  the  input  fluence  exceeds  0.1  J/cm2,  nonlinear  scattering  appear.  Similar 
results  were  obtained  with  horizontally  polarized  input  light.  An  interesting  phenomenon  is  that  the  angular  distribution  of 
scattered  energy  for  these  two  clusters  is  quite  different.  For  cluster  I,  at  angles  between  10°  to  30°,  the  scattered  energy 
increases  with  the  increase  of  the  input  fluence;  and  at  other  angles,  the  scattered  light  behavior  otherwise.  But,  for  cluster 
II,  the  scattered  energy  is  increased  as  the  input  fluence  arises  for  all  the  angles.  Furthermore,  energy  scattered  into  10° 
angle  is  several  times  larger  than  that  scattered  into  the  adjacent  20°  angles  for  cluster  I  while  for  cluster  II  there  is  only 
negligible  difference,  which  means  that  the  scattered  light  is  more  tightly  confined  in  the  forward  direction  for  cluster  I. 

The  pump-probe  experimental  results  with  a  pump  fluence  of  1. 14  J/cm2  are  given  in  Figure  4.  The  transmittance  of  the 
probe  pulse  is  normalized  to  its  linear  transmittance.  These  two  samples  have  identical  concentrations.  The  response  of  the 
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C6o-tolime  solution  has  also  been  tested  in  the  same  setup.  The  sharp  drop  of  the  probe  signal  is  typical  for  CW)  due  to 
excited  single  state  absorption  while  the  very  slow  recovery  results  from  excited  triplet  state  absorption,  which  can  be 
explained  by  a  five-energy-level  model.17  Contrary  to  the  response  of  C60,  clusters  I  and  II  have  very  small  changes  (about 
2%)  at  zero  delay  time,  which  may  be  induced  by  excited  state  absorption,  similar  to  C«>.  The  large  changes  take  place  at 
least  -0.2  ns  and  reach  maximum  at  ~2.0  ns.  These  results  are  consistent  with  their  poor  limiting  performance  in  our  35-ps 
nonlinear  transmission  measurements;  and  similar  to  the  responses  of  CBS  and  metal  cluster  Mo2Ag4S8(PPh3)4.,°  The 
relatively  slow  responses  for  CBS  and  metal  cluster  Mo2Ag4Sg(PPh3)4  in  the  pump-probe  experiments  are  explained  by  a 
model  of  direct  heating  of  the  microscopic  sized  particles  by  linear  absorption.  Subsequent  to  heating,  the  temperature  can 
be  increased  to  a  point  higher  than  the  sublimation  temperature  of  the  molecules  and  then  micro-plasmas  are  generated. 
Rapid  expansion  of  the  microscopic  plasmas  can  effectively  scatter  the  input  light.10  From  Figure  4,  we  can  see  that  the 
maximum  nonlinear  transmission  loss  for  cluster  II  is  much  higher  than  that  of  cluster  I  and  Cm.  Although  the  nonlinear 
response  is  much  slower  than  C^o,  the  maximum  nonlinear  transmission  for  cluster  II  is  much  higher.  This  ns-responded 
nonlinearity  is  very  effective  for  nanosecond  optical  limiting  as  we  observed  in  the  nanosecond  experiments. 


4.  CONCLUSION 

In  summary,  the  optical  limiting  effects  in  two  cubane-like  clusters:  (/i3-MoSe4)Cu3(PPh3)3Cl  (I)  and  (jj2- 
MoSe4)Ag3(PPh3)3Cl  (II)  have  been  investigated.  The  limiting  thresholds  for  both  clusters  are  comparable  to  that  of  C60.  The 
picosecond  time-resolved  pump-probe  experiment  show  a  turn-on  time  for  such  limiting  effects  is  about  2ns  or  longer. 
These  results,  along  with  the  fact  of  very  poor  limiting  with  35-ps  laser  pulses,  imply  that  nonlinear  scattering  may  play  an 
important  role  in  the  nonlinear  process.  This  assumption  is  confirmed  by  direct  measurement  of  the  scattered  light. 
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ABSTRACT 

In  this  paper,  we  present  the  laser  induced  fluorescence  spectra  and  the  time-resolved  spectra  of  the 
A3n0->XIS+,  B3II1->X1I+  and  C’n^X1!*  for  InCl  molecule  in  the  ranges  of  266.5-287.0nm  and  332.0- 
373. Onm.  It  is  the  first  time  those  radiative  lifetimes  of  the  C‘11,  and  B3^  states  have  been  measured  by 
laser-induced  fluorescence.  From  the  time-resolved  spectra  under  different  pressures,  we  obtained  the 
collision-free  radiative  lifetimes  and  quenching  rate  constants  for  InCl  molecule:  A3II0  (v'-O),  370ns, 
9.87xl0"ucm3molec"1s‘1;  B3Ill  (v'=0),  353ns,  l^SSxlO-^cn^molec'V1;  and  C’n^v'^l),  11ns.  From  the 
radiative  lifetime  and  the  Frank-Condon  factors  qvV.  for  the  v'-v"  transitions,  the  electronic  transition 
moments  1  Re  Y  of  B3^  and  C1^  states  have  been  obtained. 

Keywords:  laser  induced  fluorescence,  collision-free  lifetime,  quenching  rate  constant 


1.  INTRODUCTION 

The  monohalides  of  the  group  DIA  play  an  important  role  in  the  development  of  new  semiconductor  devices 
in  highfrequency  and  opto-electronic  applications.  The  spectra  of  the  InCl  molecule  have  been  well  studied  in 
emission  and  absorption  over  the  spectral  range  200-41  Onm  IM5J.  In  recent  years,  the  new  observed  transitions 
in  blue-green  bands  that  are  predicted  to  develop  into  efficient  laser  systems.  The  observed  strong  and 
extensive  bands  of  InCl  have  been  arranged  in  different  band  systems  designate  as  AoX,  BoX  and  CoX 
system,  and  the  ro vibrational  constant  of  the  electronic  states  of  these  three  transitions  are  well-established1'3. 
The  C1!^  state  is  the  lower  level  of  the  potential  laser  medium  and  the  upper  level  is  a  new  state  m. 

The  B^j-X1!^  system  was  first  photographed  by  Wehrli  and  Miescher  t3]  in  absorption  and  the  approximate 
vibrational  constants  were  determined.  The  C1n1->X1S+  transition  falls  within  265-282nm  [4].  Frosiie[5]  found 
the  C^Ov^l)  has  predissociation  and  obtained  the  initial  rovibrational  constants.  Perumalsamy  [61  suggested 
that  the  predissociation  occurred  above  the  v=3  level.  Jones  [7]  has  observed  more  new  bands  up  to  v=6  in  C 
state  from  microwave  discharge  absorption  spectra.  The  accurate  position  of  predissociation  is  not  known  in 
present. 

Their  time  domain,  however,  has  been  little  investigated.  In  this  paper,  we  present  the  laser  induced 
fluorescence  spectrum  and  the  time-resolve  spectra  of  the  A3n0->X1S+,  B3n1->X,L+  and  C'E^-aXT/  for  InCl 
molecule.  At  last  we  obtained  the  lifetime  of  the  A3II0  ,  B3n,  and  C'lli  and  other  parameters  of  the  dynamic 
process. 
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2.  EXPERIMENT 


We  use  a  pulsed  Q-switched  fourth  harmonic  YAG  (Quantel  YG580)  operated  at  4ns  for  the  molecular 
excitation.  The  indium  monochloride  is  produced  by  heating  the  indium  trichloride  (China,  99.999%)  in  the 


Figure  1.  Schematic  diagram  of  the  experimental  set-up 

presence  of  an  excess  of  metal  indium  (99.99%)  under  vacuum  (xlO'5Torr)  in  a  quartz  boat  that  is  placed  in  the 
middle  of  a  heat-pipe  oven,  equipped  with  UV  quartz  end  windows.  The  reaction  zone  is  heated  from  250°C  to 
290°C  by  an  electrical  coil  whose  temperature  is  controlled  by  a  digital  temperature  controller  (WP-C80, 
precision  ±1°C)  and  measured  by  a  NiCr-NiSi  thermoelectric  couple  (precision  ±1°C).  In  order  to  avoid 
condensation  of  the  vapor  of  InCl,  the  edge  of  the  oven  arm  is  cooled  by  water. 

Figure  1  is  the  experimental  set  up.  Fluorescence  from  InCl  is  detected  perpendicular  to  the  laser  beam  axis 
through  a  0.5m  monochromator  equipped  with  a  RCA  456  photomultiplier  and  then  integrated  by  a  Boxcar 
(Stanford  SR250/200).  A  PC  computer  controls  the  scan  of  the  monochromator  and  the  data  acquisition  and 
the  data  are  stored  in  it  for  farther  process. 


3.  RESULTS  AND  DISCUSSION 


3.1.  The  C'n,  State 

Figure  2  shows  the  laser  induced  fluorescence  spectrum  of  the  C'n,-»X'2r  system  which  is  obtained  using  the 
266nm  laser,  where  several  lines  of  the  1-1, 1-2, 1-3, 1-4, 1-5, 1-6  and  1-7  bands  are  assigned  based  on  the  band 
frequency  of  Jones  [3).  The  wavelength  of  the  seven  bands  are  268.4nm>  270.7nnu  273.0nms  275. 4nm, 
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277.7nm>  280.2nnu  282.5nm.To  our  knowledge,  it  is  the  first  time  to  observe  the  transition  from  the  v'-l  of 
C[n}  state  in  emission  which  proved  that  the  predissociation  of  C'flj  state  only  occur  above  the  v'=l . 


Wavelength  (nm) 


Figure  2.  A  section  of  the  C ’ll,  X'S+  electronic  transition  recorded  by  laser  induced  fluorescence 

In  order  to  obtain  collision-free  lifetime,  we  measured  the  time-resolved  curves  of  275. 4nn  band  of 
C1ni(v,=l)->X1S+(vf-4)  under  different  pressures.  Fluorescence  decay  curves  show  a  monoexponential 
behavior  characterized  by  a  single  lifetime. 


Table  1 .  The  lifetimes 

of  c'n,(v'=: 

i)-»x‘r(v" 

=4)  under  250°O 

-290°C. 

Temperature  (°C) 

250 

260 

270 

280 

290 

pressure  (mmhg) 

0.144 

0.211 

0.305 

0.436 

0.614 

lifetime  Cns) 

12 

10 

10 

12 

1 1 

In  order  to  eliminate  the  error  of  the  time  response  of  the  instruments,  the  fluorescence  decay  curves  are 
deconvoluted.  Figure  3  shows  a  typical  fluorescence  decay  curve  of  C^n^v'^I  )->X,E'(v":=4)  at  290°C,  where 
the  solid  curve  represents  the  observed  fluorescence  decay  curve,  the  dotted  line  represents  the  deconvoluted 
fluorescence  decay  curve.  The  observed  lifetime  in  figure  3  is  14ns  and  the  deconvoluted  is  I  Ins. 
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Figure  3.  A  typical  fluorescence  decay  curve  of  C1  n,(v'=  I  )->X T(v"=4)  at  290°C. 

The  solid  curve  represents  the  observed  fluorescence  decay  curve. 

The  dotted  line  represents  the  deconvoluted  fluorescence  decay  curve. 

Table  1  shows  the  lifetimes  of  CTl^v under  250°C~290°C.  It  can  be  seen  from  the  table  that 
the  lifetimes  under  different  pressures  could  not  distinguished  in  our  experimental  precision  scope.  So  we 
suppose  the  collision-free  lifetime  of  the  C’n^v^l)  is  approximately  1  l(l)ns. 


3.2.  The  A3n0  and  B3!!,  State 

We  also  obtain  the  laser  induced  fluorescence  spectrum  over  330-380nm  as  show  in  fig.4. 

The  A3n0  state  lies  in  Te=27767.0cm"1  and  B3n!  in  Te=28563.6cm‘l.  According  to  the  constants  of  the 
electronic  state,  we  assigned  the  bands  to  A3no-^X1Z+  and  B3n,-->X1Z+  which  are  listed  in  table  2.  The 
collision-free  lifetime  and  quenching  rate  constant  of  B3n,  state  are  determined  in  the  range  of  total  pressures 
from  0.21  to  0.86  Torr  and  extrapolated  the  curve  to  zero  pressure. 

Figure  5  shows  a  typical  Stern-Volmer  plot  for  emission  from  the  v'=0  vibrational  level  of  the  InCl  B3n,  state, 
where  inverse  lifetimes  are  plotted  against  total  pressure  PT  giving  quenching  rate  constants  kQ  through 

1  1  7  n 

-  =  ~  +  kQPr  (1) 

T  T0 

where  t0  is  the  collision-free  fluorescence  radiative  lifetime.  As  can  be  seen  in  figure  5,  the  Stern-Volmer  plot 
is  linear  in  the  pressure  interval  studied.  The  collision-free  lifetime  is  x0=353ns  and  quenching  rate  constant  is 
kQ=1.985xlO*10mor1.s’1cm3. 
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Table  2  The  assignment  of  the  bands  of  InCI  in  330-375nm 


No. 

Band  positions. (nm) 

(observation) 

Band  positions. (nm) 
(calculation)161 

Assignment 

A3n0H>X'20 

B3n,^x% 

1 

338.2 

338.25 

(3,0) 

2 

339.8 

339.92 

(7.2) 

n 

J 

341.7 

341.78 

(4,2) 

4 

343.5 

343.56 

(6,2) 

5 

345.9 

345.94 

(1,0) 

6 

347.3 

347.34 

(5,2) 

7 

349.9 

349.99 

(0,0) 

8 

351.1 

351.13 

(5,3) 

9 

353.6 

353.63 

(1,2) 

10 

355.7 

355.72 

(1,0) 

11 

357.5 

357.56 

(1,3) 

12 

359.9 

360.00 

(0,0) 

13 

361.2 

361.25 

(2,5) 

14 

363.8 

363.85 

(1,2) 

15 

367.6 

367.69 

(2,4) 

16 

371.8 

371.89 

(2,5) 

The  electronic  dipole  moment  I  Re  I2  is  a  more  fundamental  measure  of  the  transition  probability  than  the 
reciprocal  1/tr.  To  consider  any  variation  of  transition  probability  with  v',  or  more  precisely  with  r-centroid 
value,  it  is  therefore  useful  to  transform  the  tr  value  into  the  corresponding  I  Re  I2  value. 

In  this  work,  Frank-Condon  factors  and  r-centroids  have  been  calculated1*6’171  for  the  C-X  and  B-X  systems. 
The  spectroscopy  constants  for  the  B  and  C  state  are  those  given  by  Perumalsamy[71.  The  radiative  lifetime  tv. 
of  an  excited  vibrational  level  v'  is  related  to  the  transition  probabilities  A  vV.  by  the  following  expression  ll8]: 
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64  n 


3  h 


X  lRe  (r  11  v 


)T^v  y3** 


(2) 


where  v,  q  vV,  and  r  vV.  are,  respectively,  the  transition  frequency,  Frank-Condon  factor,  and  r-centroid  of  the 
(v',  v")  band,  and  I  Re  I2  is  the  square  of  the  electronic  transition  moment. 


Wavelength  (nm) 


Figure  4.  A  section  of  the  A3no->  X‘Z+  electronic  transition  recorded  by  laser  induced  fluorescence 


PT(mmhg) 


Figure  5.  Stern-Volmer  plot  of  the  inverse  lifetime  (t)  against  total  pressure  (PT),  for  emission  from  the  A3n0(v'«l)-» 
X!Z+(  v"=2)  of  InCl. 


The  range  of  r-centroids  spanned  of  our  interested  progression  is  quite  small,  and  I  Re  I2  can  be  approximately 
consider  as  a  constant  for  emission  from  a  single  vibrational  level  *18^.  Therefore  equation  (2)  can  be 


simplified  as: 


1  64tt4 


3/z 


M22>,,v3 


(3) 


Thus  we  can  calculate  I  Re  I2  from  vby  evaluating  the  simple  summation  contained  in  equation  (3).  From  the 
measured  results  of  radiative  lifetime  and  the  molecular  constants  of  the  B3 n j  and  X'Z+  states,  we  estimate  the 
electronic  transition  moment  I  Re  I^OAO  D2  for  B  state  (v— 0)  and  I  Re  |2=5.95D2  for  C 1 TI ,  state  (v=l).  It  is  the 
first  time  that  these  values  have  been  obtained. 


Combining  with  our  early  result  of  x0=373ns  and  I  Re  |2=0.42  D2  of  A3no  state,  it  could  be  found  that  the 
lifetime  and  electronic  transition  moment  for  A’llo  and  B3n,  state  are  similar  but  smaller  than  those  of  the 
C'flj  state.  All  these  results  give  a  significant  support  to  study  the  dynamic  process  of  InCl  molecule. 
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ABSTRACT 

This  paper  deals  with  the  assay  requirements  and  the  method  of  plane  Wave  quantity  of  the  plate  working  surface 
according  to  the  National  Standards  of  "Cast-Iron  Plate”  and  "Rock  Plate”,  derives,  in  detail,  the  detecting  principle  of  plane 
wave  detector  and  gives  out  the  relationship  between  the  partial  plane  error  and  the  partial  defect  of  the  plate  and  the  plane 
wave  quantity.  It  also  inquires  into  the  relationship  between  the  contact  spot  and  200  mm  straight  line  wave  and  plane  wave 
quantity. 

Keyword:  Plane  wave  detector,  Principle  application. 


0.  INTRODUCTION 

At  present,  the  method  of  node  distance  is  mostly  used  to  assay  the  plane  degree  of  the  working  surface  of  plate.  In  fact,  this 
method  is  to  figure  out  the  working  surface  error  of  the  whole  plate  according  to  the  assayed  data  of  the  specific  points  , 
therefore  it  cannot  present  a  objective  and  detailed  description  about  the  whole  picture  of  the  working  surface  of  the  plate. 

So  many  factors  may  cause  the  partial  plane  error  of  the  plate  in  the  process  of  the  manufacturing  and  repairing,  such  as  the 
hardness  and  the  homogeneity  of  the  materials,  the  variations  of  temperature,  the  scraping  skill,  the  distribution  of  the  grin¬ 
ding  force,  the  homogeneity  of  the  wedge  sand ,  the  quality  of  the  abrasive  and  other  accidental  factors.  Partial  wear  and  tear, 
scratch,  impact  injury  and  partial  variation  of  temperature  can  also  cause  the  partial  plane  error  in  the  cause  of  using  .  So,  as 
a  way  of  complement,  we  must  assay  the  partial  plane  error  of  the  blank  area  besides  the  assayed  points.  The  comprehensive 
and  correct  opinion  of  the  plane  degree  of  the  working  surface  of  the  plate  can  be  made  out  only  by  the  comprehensive 
consideration,  which  is  according  to  the  results  of  these  two  methods. 

The  assay  method  and  the  technical  requirement  of  partial  plane  error  of  the  plate  are  formulated  in  the  standards  of  each 
country  (including  assay  regulations).  In  summary,  there  are  contact  speck  and  its  homogeneity,  smoothness,  short  node 
distance,  linearity,  the  measuring  error  due  to  repeated  reading  and  the  change  of  curvature,  and  so  on.  It  is  ruled  that  “Assay 
the  plane  wave  quantity  of  the  plate  working  surface  when  checking  up  the  contact  spot  can  not  carry  out  conveniently”  in 
the  National  Standards  GB4986—4987  of  “Cast-Iron  Plate”and  “Rock  Plate”.  Its  value  will  not  be  greater  than  the  value  in 
“Table  1”.  The  method  of  checking  the  plane  wave  quantity  is  given  in  the  appendix  of  the  standard. 


Table  1 


Degree  of  accuracy 

000 

00 

0 

1 

2 

3 

wave  value  of  the  working  surface 

2 

4 

8 

16 

32 

80 
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Put  the  graphic  plane  wave  detector  in  Figure  1  on  the  working  surface  of  the  plate,  and  then  drag  the  detector  along  any 
straight  direction.  The  distance  is  d/2,  but  it  will  not  be  less-than  200mm.  In  the  process  of  the  dragging  the  Max  and  Min 
value  will  be  read  from  the  reading  of  the  micrometer  on  the  plane  wave  detector.  The  absolute  value  of  the  algebraic 
difference  of  these  two  will  be  the  plane  wave  quantity  of  the  plate-working  surface. 


1 .  Spring  film  2  .Measurement  Watch 


There  are  many  advantages  by  using  the  plate  wave  quantity 
and  their  appropriative  plate  waves  detector  to  assay  the 
partial  plane  error.  Such  as  the  structure  of  the  instrument  is 
reasonable,  and  the  working  is  credible  and  the  usage  method 
is  convenient,  and  it  can  also  figure  out  the  value  of  the  plate 
wave  quantity.  Comparing  with  other  methods,  this  method  is 
easier  to  carry  out,  the  checking  result  is  more  accuracy,  and  it 
can  reduce  the  checking  issue  and  the  examination  clerk’s 
labor  intensity. 

At  present,  the  instrument  of  the  assay,  which  is  plate  wave 
detector,  is  not  yet  widespread.  The  assay  method  is  not 
spread.  The  main  reason  of  this  is  short  of  thorough  study 
about  the  detecting  principle  of  plane  wave  detector.  The 
explanations  about  the  assayed  data  are  not  unified  and  lack 
relation  to  the  contact  spot.  This  paper  gives  a  detail 
derivation  about  the  detecting  principle  of  plane  wave  detector 
and  the  relationship  between  the  partial  plane  error  and  the 
partial  defect  of  the  plate  and  the  plane  wave  quantity.  And  it 
also  inquires  the  relationship  between  the  contact  spot  and 
200mm  straight-line  wave  and  plane  wave  quantity  on  the 
basis  of  this. 


1 .  THE  ASSAY  PRINCIPLE  &  SIGNIFICANCE  OF  THE  PLANE  WAVE  DETECTOR 

1.1  Assumption 

We  can  assume  the  following  before  we  derive  the  principle  of  the  plane  wave  detector: 

1.1.1 

The  whole  plane  degree  usually  presents  a  single  convexity  or  concavity  or  the  type  of  saddle  because  the  plane  degree  of 
the  plate  working  surface  is  achieved  by  manual  grind  or  scrape.  So  the  cross  line  which  is  crossed  by  any  section  which  is 
vertical  with  the  plate  working  surface  and  the  actual  surface  of  the  plate  working  surface  usually  appears  the  type  of  sine 
curve,  and  mostly  it  will  not  exceed  a  half  wavelength. 

1.1.2 

The  change  of  partial  plane  error,  especial  the  partial  plane  error  of  the  plate  by  scrape,  is  rather  complex,  but  the  partial 
plane  error  of  the  regular  plate  working  surface  will  firstly  not  be  greater  than  the  plane  degree  of  the  whole  plate  and 
secondly  be  confined  within  a  certain  range  such  as  about  1/3  or  1/5  of  the  whole  plane  degree. 
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1.1.3 


Figure  2  Actual  of  plane  working  surface 


As  above,  we  can  regard  the  cross  line  which  is  crossed  by  any 
section  which  is  vertical  with  the  plate  working  surface  and  the 
actual  surface  as  a  sine  curve,  and  it  can  be  divided  into 
horizontal  (X)  actual  contour  line  and  vertical  (Y)  actual 
contour  line  according  to  the  difference  of  the  sectional  direction. 
Generally  their  types  can  be  supposed  as  Figure  3.  Figure  3(a)  is 
actual  contour  line,  and  Figure  3(b)  is  that  divided  it  into  long 
period  error  and  short  period  error.  Short  period  error  represents 
partial  plane  degree,  which  can  be  checked  out  separately. 


1.1.4 

The  edge  of  the  scratch  on  the  plate  presents  double  peaks. 
It  is  treated  as  single  peak. 


The  reading  of  the  micrometer  of  plane  wave  detector 
Z(x)«7  (The  is  the  distance  between  the  fixed  points.). 


(b) 


Figure  3  Actual  control  line  of  plane  working  surface 

1.2  The  Assay  Principle 

We  will  analyze  the  change  and  assay  principle  of  plane  wave 
detector’s  reading  when  the  detector  is  dragged  on  several 
different  type  of  surface. 


1.2.1  Sine  Function 


Figure  4  Principle  of  plane  wave  quantity 

The  reading  of  the  micrometer  of  plane  wave  detector  Z  (x) 
(Figure4)  present  actually  the  plane  offset  which  is  determined  by  x  point  and  the  three  fixed  points.  In  other  words,  the 
plane  wave  quantity  represents  the  maximum  angle  deferent  value  of  all  tangent  plane  of  which  is  formed  by  the  three  fixed 
points  on  the  dragging  direction  of  the  plane  wave  detector  in  fact.  The  angle  deference  is  transferred  into  linear  value  by  the 
plane  wave  detector  and  showed  by  micrometer.  The  height  change  of  each  fixed  point  represents  a  new  plane.  So  the  value 
of  Z  (x)  is  changed  with  its  change.  The  transfer  function  is  separately: 

Z(x)  =  z(A),  (1) 

Z  (x)=-z  (B)  --z  (C), 

The  reading  of  the  plan  wave  detector  Z  (x)  is: 
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Z  (x)  =2  (x)  -2  (B)  -2(C)  +z(A),  (2) 

If  the  actual  contour  line  of  the  plane  wave  detector’s  dragging  direction  is  a  sine  curve  which  amplitude  is  hx  ,  wavelength 
is  *x ,  as  it  is  Z  (X)  =  fasin(2  *xl  A  x\  and  the  curvature  of  the  actual  contour  line  which  cross  B,  C  fulcrums  is  no  change 
and  it  is  orthogonal  with  xoz  plane  ,  the  reading  of  the  plane  wave  detector’s  micrometer  is  : 

Z  (x)=2  (x)-zy  (x-l)+z  (x-21) 

-  hx  sin(2  *  xl  Ax)-2  hx  sin[2  n  (x-1)/  Ax)]+  hx  sin[2  Jt  (x-21)/  Ax]  9  (3) 

If  the  actual  contour  line  which  cross  B,  C  fulcrums  is  regarded  as  a  sine  curve  which  amplitude  is  hy  ,  wavelength  is  Ay  9 
as  it  is  Z  (y)  =  hy  •  sin(2  *  y l  A  y\  and  there  is  creepage  in  y  direction  when  the  plane  wave  detector  is  dragged  along  jc 
direction,  the  Formula  (3)  is  transferred  into: 

Z(x)=fosin(2  k  x/  A  x)-hLB  sin[2  *  (y-0.751)/  A  y)]-hyC  sin[2  n  (y-0.751)/  Ay]+hxsm[2  *  (x-21)/  A *] ,  (4) 

This  is  the  analytic  formula  of  the  reading  of  the  plane  wave  detector’s  micrometer.  Its  plane  wave  quantity  &  is 

5  — |Z  (x)max-  Z(x)min  |,  (5) 

From  Formula  (3)  and  Formula  (5)  we  can  see: 

When  1=  A tZ(x)  =  0,  S=0; 

When  /=  A/2,  Z(x)max~4h,  Z(x)min~-4h,  6  =8h; 

When  l-  A  /4t  Z(x)max-2h,  Z(x)min=-2h,  S  =4h. 


1.2.2 


When  the  amplitude  of  horizontal  and  vertical  actual  contour  line  hx=hy=0,  it  can  been  seen  from  Formula  (4)  and  (5)  that: 

Z(x)  =  0  8  =  0 

which  presents  that  the  partial  plane  error  f=0  at  this  time. 
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Perpendicular  Scratch’s  measurement 
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1.2.3 


When  the  wavelength  of  actual  contour  line  ^  ^ Jit  can  been  seen  from  Formula  (4)  and  (5)  that: 

Z(x)  =  0  8  =  0, 

which  declares  that  the  partial  plane  error  present  a  single  convexity  or  concavity.  The  partial  plane  error  f=2hx . 

1.2.4  Scratch 

If  there  is  a  scratch  that  is  vertical  with  the  dragging  direction  of  the  plane  wave  detector,  and  the  height  of  the  scratch  is  h, 
the  change  quantity  of  the  detector’s  reading  is  3h(Figure  5). 

The  plane  wave  detector’s  reading  doesn’t  have  changes  because  the  scratch  on  the  rock  plate  cannot  cause  a  heave  and  the 
<J>  10mm  fulcrum  of  the  plane  wave  detector  has  the  function  of  mechanical  filtration. 

If  there  is  a  scratch  which  appear  a  a  angle  with  the  dragging  direction  of  the  plane  wave  detector  and  the  height  of  the 
scratch  is  h,  the  change  quantity  of  the  detector’s  reading  is  2h  (Figure  6). 


2.  THE  EXPLANATION  OF  THE  ASSAY  RESULT 


2.1 

From  the  above  analysis  we  can  see  that  there  is  a  certain  relationship  among  the  plane  wave  quantity  6  and  the  partial 
plane  degree  /  and  linearity  along  the  dragging  direction  h(scratch)  or  2h(sine  curve).  In  this  paper  we  derive  its 
mathematical  expression  under  the  certain  assumption,  but  the  results  derived  from  the  mathematical  expression  have  some 
change  with  a  certain  range  under  different  circumstance  because  the  change  of  the  partial  plane  degree  is  rather  complex.  In 
summary: 

To  sine  curve  5  =(0—4)/*  or  6  =(0— 4)2h; 

To  scratch  8  =(0—3 Y  or  8  =(0  3)h; 

If  the  single  convexity  or  concavity  is  regarded  as  long  period  error,  as  the  whole  plane  degree  and  the  scratch  of  the  rock 
plate  are  not  considered  because  they  will  not  affect  the  usage,  and  exclude  some  accidental  factors  (such  as  X  =/),  under  the 
common  circumstance  it  will  be: 

To  sine  curve  8  =(2— 4y  or  6  =(0— 4)2h; 

To  scratch  8  =(2—3 Y  or  ®  =(2~3)2; 

On  the  basis  of  this  we  also  consider  the  influence  of  the  vertical  sections’  linearity  error  and  the  dragging  direction  is 

optional,  so  the  explanation  of  the  relationship  between  the  plane  wave  quantity  8  and  the  partial  plane  degree/  when 

enacting  the  National  Standards  : 

6  =(3-4)/:  (6) 

is  reasonable  to  some  extent. 

2.2 

Take  a  1600mmXl000mm  regular  0  level  scraped  plate  for  example.  There  are  more  than  1.6  million  contact  spots.  The 
number  of  checked  points  is  25  when  it  is  assayed  by  the  method  of  node  distance,  which  is  six  per  ten  thousand.  Many  error 
information  will  be  lost.  So  the  assay  of  the  whole  plane  degree  can  only  confirm  its  long  period  error.  The  assay  of  the 


501 


partial  plane  error  of  short  period  error  is  similar.  Now  all  the  technique  indexes  of  partial  plane  degree  which  include 
contact  spot,  smoothness,  200mm  linearity,  short  node  distance,  the  measure  error  caused  by  repeating  reading  and  the  plane 
wave  quantity  are  all  its  substitute  quantity.  They  all  lack  a  quantitative  and  certain  mathematical  manipulation  with  partial 
plane  degree. 

The  structure  of  the  plane  wave  detector  is  simple  and  it  adopts  floating  zero  and  continual  measure  and  it  can  show 
the  results  directly.  Because  of  the  above  reason  we  cannot  expect  that  can  acquire  the  certain  value  of  the  plate  working 
surface’s  partial  plane  error  with  so  simple  appliance  and  by  so  simple  measure. 

2.3 

Comparing  to  other  substitute  quantity  of  partial  plane  degree  the  plane  wave  detector  has  some  advantage  such  as  the 
structure  of  the  instrument  is  reasonable,  and  the  working  is  credible  and  the  usage  method  is  convenient,  and  it  can  also 
figure  out  the  assay  results,  and  it  can  effectively  avoid  the  argument  due  to  the  assay  which  is  carried  out  with  sense  organ. 
So  it  should  be  widely  spread. 
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ABSTRACT 

Ultra  high-speed  streak  cameras  with  image  converter  tubes  play  a  very  important  role  in  the  diagnosis  of  most  experiments  in  laser 
fusion  research. 

The  window  materials  of  the  image  converter  tube  usually’ applied  borosilicale  glass,  but  it  is  only  transparent  for  visible  light.  In  order  to 
apply  in  VUV.UV. visible  light  region  for  the  tube,  we  used  MgF2  window  material  in  the  tube  and  exhibits  excellent  performance  on  the 
photocathode  sensitivity  and  spectral  response  in  the  image  converter  tube. 

Keywords:  Image  converter  tube ,  streak  camera,  speetral  response. 


INTRODUCTION. 

The  Streak  Camera  has  become  one  of  the  most  versatile  instruments  for  measurement  of  the  dynamic  behavior  of 
luminous  events.  It’s  advantages  are  ability  to  determine  optical  temporal  profiles  directly  with  excellent  time 
resolution  and  spuerior  sensitivity.  Recently  ,  we  have  developed  a  streak  camera  utilizing  a  MgF2-window 
incorporated  streak  tube  which  has  been  modified  for  VUV.UV  spectral  range  .  The  streak  tube  exhibits  excellent 
performance  on  the  photoeathode  sensitivity  and  spectral  response. 


1.  STREAK  CAMERA  EXPERIMENTED  SYSTEM 

As  shown  in  (Fig.l),  the  streak  camera  consists  of  a  streak  tube  incorporating  a  MgF2window,  input  and  output  optics, 
a  high  voltage  power  supply  ,a  gating  pulse  generator  and  a  push-pull  circuit  of  generating  sweeping  voltage. 

The  light  gain  of  the  streak  camera  is  controlled  by  changing  the  MCP  voltage  of  the  intensifier.  The  trigger  pulse 
from  the  PIN  diode  is  5-40  Vp.p/50  ohm,  the  image  readout  system  using  a  CCD  camera,  eases  gives  access  to  a  fast 
and  automatic  acquisition  of  the  records.  Fig.2  is  a  VUV.  UV  streak  camera. 
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Figure  2  UV  streak  camera  photo. 


2.  IMAGE  CONVERTER  TUBE 


The  image  converter  tube  have  four  electrodes  of  axial  symmetrical  electron  lens  consisting  of  photocathode, 
accelerating  mesh,  focusing  electrode  and  anode.  The  deflection  system  of  the  tube  using  parell  plate  deflector.  Fig.3 
shows  a  cross  section  of  the  image  converter  tube  structure  . 

The  performance  characteristics  of  the  image  converter  tube  are  shown  in  table  1 . 
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1.  photocqthode ;  2.  Mesh;  3.  focusing  electrode;  4.  Anode; 


Table  1  characteristics  of  the  streak  tube. 


Categories 

Specifications 

1.  window  material 

MgF,. 

2.  photocolhode  type 

S20 

3  .conductive  substrate  of  the  photocathode 

Aluminium  alloy  film 

4.  Useful  photocathode  size 

24mm  Dia 

5.  Phosphor  screen 

P20  "1 

6.  phosphor  screen  output  windows  material 

Plane-parallel  fibre  optic  faceplate 

7.  Useful  Phosphor  screen  size 

48mm  Dia 

8.  Image  magnification 

1:2 

9.  spectral  response 

115~850nm 

10. dynamic  range 

>200:1  (slow  sweep) 

1 1  .spatial  resolution 

>251p/mm 

12.Deflection  sensitivity 

40mm/kv 

13. Light  Gain  of  the  external  intensifier 

>lxl04 

each  electrode  potentials 

H.photocathode 

-12kv 

15. mesh 

-lOkv 

16.focus 

-11.2kv 

17.anode 

Ov 

3.  PHOTOCATHODE  OF  THE  IMAGE  CONVERTER  TUBE 


In  order  to  measure  transient  phenomena  of  VUV  &UV  spectral  range,  we  used  the  MgF2  window  image  converter 
tube.  The  plane  MgF2  window  is  sealed  on  the  image  tube  by  low  melting  point  glass  powder  maintained  at  a 
temperatrue  of  about  460  'C  in  Furance.  The  image  tube  with  MgF2  window  showed  excellent  detector  in  the  spectral 
threshold.  The  transparency  curve  of  MgF2  window  is  shown  in  figure  4,  the  vacuum  performance  of  MgF2  window  is 
very  well .  The  active  diameter  of  the  MgF2  window  is  20mm  .  An  electrical  conductive  film  is  applied  by  evaporating 
alloy  aluminium  wire  before  prosessing  photocathode.  The  resultant  coat  of  film  has  a  resistivity  of  about  50ohm.  It  is 
resistant  to  multialkali  metal  vapour  .  The  curve  of  the  spectral  transparency  of  the  electrical  conductive  film  is  shown 
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(figure  5.).  The  semitransparent  S20  photcathode  has  been  proceed  on  the  film. 


Figure  5  Curve  of  the  spectral  transparency  of  the  electrical  conductive  film. 

The  measurement  of  the  photocathode  response  is  made  by  uniformly  illuminating  a  2.0cm  diameter  area  of  the 
photocathode  with  a  distant  lamp  and  by  directly  measuring  the  resulting  photocurrent  with  an  electrometer  .  A 
sesies  of  20nm  bandwidth  filters  are  used  to  define  several  spectral  regions  throughout  the  wavelength  interval  300- 
850nm.  Curve  of  the  spectral  sensitivity  of  photocathode  is  shown  in  figure  6. 


4.  CONCLUSION 


506 


The  streak  camera  with  MgF2  window  image  converter  tube  play  a  important  role  in  the  diagnosis  of  most  experiments 
in  Laser  fusion  research  and  Laser  measurements.  The  measurements  of  the  pulse  width  of  KF  laser  (248nm)and  Xecl 
laser  (308nm)has  been  shown  the  excellent  performance  of  the  streak  camera . 


Figure  6  Curve  of  the  spectral  sensitivity  of  the  photocathode  . 
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Abstract 


The  direction  of  this  paper  is  to  describe  the  analytical  tools  and  measurement 
techniques  used  at  SilkRoad  to  evaluate  the  optical  and  electrical  signals  used  in  Optical 
Refractive  Synchronization  for  transporting  SONET  signals  across  the  transmission  fiber. 
Fundamentally,  the  direction  of  this  paper  is  to  provide  an  outline  of  how  SilkRoad,  Inc. 
transports  a  multiplicity  of  SONET  signals  across  a  distance  of  fiber  >  100  Km  without 
amplification  or  regeneration  of  the  optical  signal,  i.e.,  one  laser  over  one  fiber. 

Test  and  measurement  data  are  presented  to  reflect  how  the  SilkRoad  technique  of 
Optical  Refractive  Synchronization  is  employed  to  provide  a  zero  bit  error  rate  for 
transmission  of  multiple  OC-12  and  OC-48  SONET  signals  that  are  sent  over  a  fiber  optic 
cable  which  is  >100Km  .  The  recovery  and  transformation  modules  are  described  for  the 
modification  and  transportation  of  these  SONET  signals. 

Analytical  Model 


Basically,  there  are  several  techniques  associated  for  the  calculation  of  the  Bit  Error 
Rate,  i.e.,  BER.  The  one  commonly  used  is  provided  by  the  following  formulation  for  the 
complimentary  error  function,  commonly  known  as  the  Gaussian  Error  Integral.  So 
(l),(2),(3),(4) 

that, 

(1) 

x 


Erfc  (x) 
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For  the  Optical  SNR,  we  have, 


=  \*2*yjl  and  YdBo  =  10  Log(iO)  [ 

x*2*] 

For  the  Electrical  SNR,  we  have, 

rr  =  [  x*2*]  and  YdBe  =  1°  Log(iO)  [  x*2*] 


Based  on  the  equations  above,  we  can  plot  BER  as  a  function  of  the  erfc  value. 
Such  that, 


BER  As  a  Function  of  the  value  of  ERFC  (x) 

value  of  x 


\4rnf 

Silbey  provides  a  somewhat  broader  set  of  definitions  for  defining  the  BER.  He 
states,  “The  task  of  any  processing  circuitry  is  to  determine  with  the  minimum  uncertainty, 
whether  a  1  or  a  0  was  received.  This  is  done  by  a  threshold  crossing  device,  or  comparator, 
feeding  a  D-type  flip-flop.  The  circuit  operation  is  best  explained  by  examining  the  eye 
diagrams  at  certain  relevant  points.  ...  the  optimum  threshold  level  is  mid-way  between  the 
logic  1  and  0  levels.”  Sibley  goes  on  to  show  the  conditions  of  probability  being  equal  for  0 
and  1;  then  the  noise  has  a  Gaussian  distribution, 


2  CT0ff 


PeOll  = ' 


2  n  c0 ff 


,  (vmax  V)  ,, 
( - 3—) 

2  <Jon 


PellO  =■ 


2  It  On 


where; 

con  and  ct0ff  =  r.m.s  noise  voltages  at  the  comparator  input 

Vj  =  Threshold  voltage 

vmax  .  vmin  =  The  received  signal  levels  at  the  sensor 

The  optimum  voltage  lies  midway  between  vmin  and  vmax  .  If  Vj  is  biased  to  the  left 
or  right,  it  does  so  at  the  expense  of  either  Peoil  °r  PellO  • 

With  these  assumptions  in  mind,  then, 

Pe  =  peOll 


,  (V  -  Vmin)  „ 

( - 3 - ) 

2  C 


“\J(2  %  c)  1 


where; 


0On  —  Ooff 

_  .  .  i  .  (v  ““  vmin) 

Changing  variables,  so  that  t  = - - - 
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oo 


where; 

Q 

vT 

and 

Q 


~  Vmin 
c 

vmax  +  Vmin 
2 

^max  +  vmin 

2  o 


Consequently,  if  we  know  the  signal  voltage  level  and  the  r.m.s.  noise  voltage  at  the  input,  we 
can  determine  the  error  probability  from  Equation  (7)  which  provides, 

Pe  =  -^  erfc-^r 

1  V2 


So,  expressed  in  a  different  fashion,  Sibley’s  technique  is  very  much  analogous  to 
that  shown  for  Eq.  (1).  SilkRoad  employs  a  scheme  wherein  the  square  digital  pulse  is 
converted  to  a  quasi  analog  signal  by  placing  the  clock  frequencies  in  quadrature  and 
sending  the  information  through  a  proprietary  digital  to  analog  converter  and  sending  this 
information  onto  the  electroptical  modulator  which  is  then  modulated  onto  the  laser  beam 
and  subsequently  sent  down  the  fiber  to  the  receiver  where  the  process  is  reversed  to 
homodyne  the  information  from  the  clock  frequencies  and  subsequently  sent  onto  the 
customer’s  information  network.  The  following  photographs  displays  some  of  the 
equipment  and  description  of  the  output  signals  that  are  used  in  the  SilkRoad  technique.  It 
should  be  noted  that  experiments  to  date  have  refelected  a  zero  (0)  Bit  Error  Rate  for  over 
two  hundred  and  fifty  (250)  hours  of  ran  time,  running  over  >100  Km  of  fiber. 


Out  of  Channel  1  to  AMCC.  Jan  26,  1999. 
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Bandpass  Filter  without  K&L  filter 
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Upper  Side  Band  of  622  MHz 


622  MHz  Bandwidth 


Output  of  Proprietary  Analog  to 
Digital  Converter 


Channel  1.  This  will  be  fed  into  Harlan’s  output  transmitter. 
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Output  levels  to  Modulator  through  8-way  test  combiner.  The  sideband  to  channel  1 
Is  at  -13dBm.  The  peak  of  die  clocks  are  at  -.83dBm.  The  actual  levels  may  be  a  bit 
Higher  since  they  are  going  through  a  4-way  in  the  actual  module. 


Bandpass  Filter  without  K&L  filter  close-up  span 
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Bandpass  filter  with  K&L  filter 


Tuneable  Filter  with  Clock 
Frequency  at  4.7  GHz 


0C1 2  Spectrum  Going  Into  Mixer 


Clock  Frequencies  With  0C1 2  Modulated 
Information 
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System  left  on  overnight  January  5,  1998.  This  is  channel  1  and  6.  Non-active  carrier  receiver. 


True  Wave  Sonet  Signal  Generator  and 
Processor  Showing  0  BER 


521 


References 


1 .  J.  R.  Palmer,  High  Power  Laser  Optics,  2nd.  ed.,  Pro  Se  Publications,  San 
Diego,  CA,  1997. 

2.  M.  J.  N.  Sibley,  Optical  Communications,  McGraw-Hill,  Inc., New  York, 
NY,  1990. 

3 .  D.  Derickson,  ed. ,  Fiber  Optic  Test  And  Measurement,  Prentice  Hall, 

Upper  Saddle  River,  NJ,  1998. 

4.  R.  Ramaswami  and  K.  N.  Sivaarajan,  Optical  Networks:  A  Practical 
Perspective,  Morgan,  Kaufmann  Publishers,  Inc.,  San  Francisco,  CA.,  1998. 


For  Further  Author  Information: 


Email :  j ames .palmer @  silkroadcorp.com 
Telephone:  (858)  457-6767 
WebSite:  http://www.silkroadcorp.com 
Fax:  (858)457-6757 
U.S.A. 


522 


Optical  Refractive  Synchronization  -  Bidirectional  Information  Transport 
Over  A  Single  Wavelength-Single  Laser  For  Distances  >100Km- 

Analysis  And  Measurement 
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Abstract 


The  direction  of  this  paper  is  to  describe  the  experiments  and  analytical  techniques  used  by 
SilkRoad,  Inc.  for  sending  40  GHz  of  bandwidth,  incorporating  an  eclectic  body  of  data,  over  a  single  laser 
-  single  fiber  over  >100Km  of  optical  fiber  using  the  same  wavelength  in  both  directions.  The  paper  will 
outline  the  various  basic  tenets  of  Optical  Refractive  Synchronization  and  the  subsequent  use  of 
Ellipsometric  Phase,  based  on  these  tenets,  that  allows  a  compilation  of  CATV,  voice,  video  and  SONET 
fate  to  be  transported  in  both  directions  without  interference  between  the  optical  signals  going  in  both 
directions  over  die  single  fiber. 

The  second  portion  of  the  paper  will  describe  the  test  setup  and  measurement  techniques  that  were 
used  to  validate  the  analytical  models.  Pictures  of  the  Spectrum  Analyzer  data  and  the  subsequent  recovery 
of  the  eclectic  information  is  then  provided  for  all  of  the  signals  that  have  been  transported. 

Key  Words:  Optics,  Polarized  Light,  Bandwidth,  Fiber  Optics,  Ellipsometry 

Introduction 

There  is  great  interest  in  the  Telecommunications  Technology  arena  to  be  able  to  conserve 
bandwidth  and,  subsequently,  fiber  space  in  the  ground.  In  the  early  phases  of  information  transport,  up  to 
and  including  today,  information  between  point  to  point  was  enabled  by  the  use  of  two  fibers;  one  fiber 

[1] 

transporting  information  in  each  direction  .  There  are  some  WDM  (Wavelength  Division  Multiplexing) 
systems  which  are  transporting  information  bidirectionally  on  a  single  fiber  using  two  different 

wavelengths^’^’^.  When  using  two  different  fibers  it  is  not  uncommon  to  have  one  or  more  EDFA 
(Erbium  Doped  Fiber  Amplifier)  in  the  fiber  line  between  the  two  points.  A  common  practice  in  terms  of 
the  EDFA  when  one  uses  two  different  wavelengths  is  to  bifurcate  the  line  so  that  one  may  use  an  EDFA  in 
each  direction  and  still  take  advantage  of  the  optical  isolation  in  the  respective  transmit  direction. 

In  the  case  of  Optical  Refractive  Synchronization,  the  line  is  also  bifurcated,  and  for  the 
same  reason.  However,  unlike  WDM,  in  the  case  of  Optical  Refractive  Synchronization  ,  we  are  using  the 
same  optical  wavelength  for  transporting  information  in  both  directions.  How  the  bifurcation  is 
accomplished  is  described  in  the  two  experiments  at  the  end  of  the  paper. 
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Analysis 


In  this  portion  of  the  paper,  we  will  undertake  to  describe  the  mathematical  basis  for  the  bi¬ 
directionality  of  the  Optical  Refractive  Synchronization,  that  is  employed  with  this  technology.  As  we  have 
outlined  previously,  Optical  Refractive  Synchronization  is  a  compilation  of  optical  techniques  that  are  used 

in  concert  to  provide  the  coherency,  line  width  and  bandwidth  4  5  As  we  have  suggested  before,  the 
laser  cavity  is  maintained  at  a  temperature  such  that  the  mirrors  are  controlled  within  ±  0.01  °C  providing  a 
single  mode  in  the  laser  cavity.  Additionally,  the  outcoupled  laser  beam  is  apodized  to  provide  a  TEMoo 
beam  that  is  presented  to  the  PM  fiber  attached  to  the  laser  and  subsequently  to  the  external  modulator  and 
on  into  the  transmission  fiber.  As  we  have  indicated  before,  this  provides  a  Hermitian  Gaussian  temporal 
..  „  .  W 

distribution  .  There  is  a  wisdom  abroad  that  suggests  that  the  single  mode  fiber  will  only  support  a 
TEMoo  mode.  This  conventional  wisdom  needs  to  be  challenged.  The  TEMoo  is  a  function  of  the  laser 
cavity  and  subsequent  outcoupled  mode  of  the  laser.  Laser  Diodes  are  not  known  for  outcoupling  a 
TEMoo  mode.  Without  apodization,  a  Diode  Laser  may  very  easily  outcouple  a  TEM]  i  ,  or  worse,  which 
could  be  a  single  mode  and  which  the  single  mode  fiber  will  support.  The  problem  with  this  mode, 
however,  is  that  it  will  not  travel  very  far  down  the  single  mode  optical  fiber.  It  may  also  provide  a  serious 
problem  to  modulation  in  the  external  modulator  in  attempting  to  generate  the  appropriate  Laguerre  Orders 
r  .  [7], [8], [9] 

tor  propagation  .  A  good  example  of  how  the  Laguerre  Orders  are  distressed  by  the  beam  quality 

is  shown  in  Figure  2.0.  In  Optical  Refractive  Synchronization,  the  Laser  cavity  is  tightly  controlled  and  is 

designed  to  provide  only  a  single  mode,  which  will  also  provide  a  very  narrow  line  width^°l 

Optical  Beam  Quality  Requirements 
For  Launching  Onto  The  Fiber  Cable 


Unfortunately,  it  would  appear  from  the  literature  that  the  major  concentration  in  the 
communications  industry  has  been  the  electrical  considerations.  There  is  a  dearth  of  consideration  given  to 
the  very  real  concerns  relative  to  the  optical  considerations.  To  that  end,  I  feel  that  I  should  provide  a  brief 
outline  of  the  optical  considerations  that  are  required  to  launch  the  laser  beam  transmitter  onto  the  fiber 
optic  cable.  Actually,  the  following  considerations  should  be  applied  whether  in  a  guided  wave  or  into  free 
space. 

There  has  been  substantial  discussion  relative  to  beam  quality  and  how  it  is  to  be  quantified 
in  the  high  power  commercial  laser  arena  and  very  little  in  commercial  communications  industry.  In  the 
very  high  power  laser  area,  the  concern  has  been  mainly  in  how  to  provide  a  wave  front  that  would  provide  a 
near  diffraction  limited  Airy  Disc  in  the  far  field.  That  is,  how  do  we  take  the  laser  beam  from  the  cavity 
and  manipulate  the  beam  quality  and  wave  front  so  that  the  power  of  our  laser  is  maximized  in  the  far  field 
to  destroy  a  weapons  platform  at  some  distance  away.  Our  problem  in  the  high  power  commercial  laser 
communications  industry  is  not  unlike  that  of  the  high  power  weaponry  laser  beams,  in  terms  of  wave  front 
quality  that  has  to  be  maintained.  In  the  case  of  the  high  power  commercial  lasers,  the  user  wants  to 
maximize  the  laser  power  onto  the  workplace.  In  order  to  perform  this  function  effectively,  the  wave  front 
quality  of  the  beam  must  be  maintained  from  the  laser  cavity  through  the  optical  train  and  focused  on  the 
material  to  be  processed.  In  the  communications  industry,  we  must  also  maintain  beam  quality  or  we  risk 
the  substantial  loss  of  information  that  is  contained  in  the  modulation  frequencies  whether  it  be  digital  or 
analog.  Fundamentally,  we  are  talking  about  the  diffraction  image.  "If  the  pupil  function  is  a  constant,  i.  e., 
if  the  transmission  of  the  system  is  uniform  over  the  aperture  and  the  system  is  aberration  -  free,  the 

illuminance  distribution  in  the  image  becomes,  in  the  far  field,"  ’ 

(1) 
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where: 


R0  =  {1.22  (N.A.)  X  },  cm 


=  The  un-aberrated  Airy  Disc  radius  at  focus  of  the  optic 

=  V2  {1-22  ( N.A.)  X  }V  1743533)  ,cm 

=  The  central  lobe  of  the  un-abberated  Airy  disc,  cm 


(Note:  The  central  lobe  carries  84%  of  the  total  flux 
density.  The  remainder  is  contained  in  the  outer  lobes.) 
N.  A.  =  Numerical  Aperture 
Focal  Length 
”  Diameter  of  Optic 
P  =  See  Figure  3.0  -  ordinate 

q  =  See  Figure  3.0  -  abscissa 

EG  =  Sum  of  defocus  due  to  mirror  train  aberrations,  cm 
X  =  Wavelength  of  the  laser,  cm 
L  =  Total  beam  path  length,  cm 
a  =  decollimation  angle  out  of  the  laser  cavity,  radians 


For  the  case  where  the  optical  component  has  a  focus  at  infinity,  the  Numerical  Aperture 
[9], [11] 

will  equal. 


N.  A.  = 


diameter  of  the  optic 
2 


We  must  also  accommodate  the  diffraction  image  of  the  multi  modes  of  the  laser  beam 
coming  out  of  the  laser  cavity.  The  central  lobe  begins  to  diminish  in  amplitude  as  the  lobe  begins  to 
increase  in  radius  because  of  the  diffraction  effects  on  the  wave  front  quality.  The  diffraction  for  the  laser 


mode  is  found  from. 


[7], [9], [11] 


p  m “sfl  {1.22  (N.A.)  X  [2P  +  q  +  1]H0.1743533)  ,  cm 


(2) 


We  must  now  take  into  consideration  the  diffraction  effects  caused  by  the  figure  error, 
ripple  caused  by  cooling  channels,  and  bowing  caused  by  the  axial  temperature  gradient  across  the  optical 
component.  These  effects  manifest  themselves  as  a  defocusing  term  (g)  .  The  original  equation,  then,  is 

[7],[12],[13],[14] 

expanded  to  include  the  defocusing  term,  such  that, 

p  =  ‘^2  {1.22  (N.A.)  X  [2P  +  q+  1]  +  Sg}\o.  1743533)  ,  cm 


The  last  component  to  be  included  in  our  equation  is  the  decollimation  angle  of  the  laser 
beam  coming  out  of  the  laser  cavity.  Ideally,  this  decollimation  angle  will  be  very  small.  However,  as  the 
beam  travel  distance  increases,  say  with  a  distributed  system,  this  value  can  become  a  very  real  element  in 
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the  calculation.  At  large  distances,  for  an  un-aberrated  Gaussian  beam  will  provide  an  angular  spread  of  a 
_  .  [15], [16] 

Gaussian  beam  is 

4X  (4) 

radians  =  — 7^— 

71 D0 

The  final  equation  that  includes  all  of  the  diffraction  image  manifestations  that  impose  on 
A  ,  ,  .  .  .  .  Jr  [7], [16] 

the  final  work  piece  is  found  from. 


where; 


p  =  ‘\/2{  1 .22  ( N. A.)  X[2P  +  q  +  1  ]  +  Zct  }  (0. 1 743533) 

The  diameter  of  the  laser  beam  at  the  focusing  optic,  after  having  passed  through  the 
beam  path  from  the  laser  cavity,  will  follow  from/  ^ 

I - P1 -  (6j 

^  2(0.1743533)  *  2  DP 

p  "  (1.22  [  2P  +  q  +  1]  A,  D0) 

where; 

Dp  =  Diameter  of  the  laser  beam  at  the  laser  cavity,  cm 
dw  =  Diameter  of  the  beam  waist  at  the  focus  of  the  work  piece,  cm 

Dp'  =  Diameter  of  the  laser  beam  on  the  focusing  optic,  cm 

Do  =  Diameter  of  the  beam  train  optical  components,  cm 

The  beam  waist  diameter  on  the  work  piece  becomes  veiy  important.  The  focusing 
optic  will  be  expected  to  have  a  focal  length  of  some  value.  All  of  the  wave  front  aberrations  that  are 
presented  to  the  focusing  optic  carry  right  on  through  the  focusing  system.  If  the  energy  in  the  central  lobe 
of  the  wave  front  has  been  aberrated,  i.  e.,  diminished,  the  beam  waist  and  concentration,  or  focusability  of 
the  beam  will  be  equally  increased  as  to  the  waist  diameter  and  subsequently  diminished  commensurately 
as  to  the  concentration.  The  beam  waist  at  the  quasi  focus  of  the  refracting  focusing  lens  will  follow  from 

f  <7) 

J  ^  A  A  l  «  .An  „  _  „ 


dw  =  2.44  ■ 


X[2P  +  q  +  1]  +  Eo 


It  is  not  uncommon  to  use  refracting  optics  to  focus  the  beam.  As  the  power  of  the  laser 
increases,  laser  damage  of  the  common  materials  used  for  refracting  lens  must  be  replaced  by  reflecting 
optical  focusing  systems.  In  both  cases,  there  are  additional  aberrating  third  and  fifth  order  terms  that 
would  come  into  play  for  the  wave  front  aberration  scheme.  The  focusing  optics  may  be  subject  to 
Spherical  aberration.  Astigmatism  and  field  curvature  and  coma.  The  most  acute  problem,  however,  is  the 
first  order  term  of  defocus.  We  will  see  that  many  of  these  terms  will  reappear  in  our  next  analysis  of  the 
Laguerre  Orders  in  the  External  Modulator. 

1°  the  early  days  of  telecommunications,  the  basic  technique  for  transporting  information 
down  the  fiber  was  to  modulate  directly  on  the  DFB  laser.  There  are  any  number  of  real  problems 
associated  with  modulating  on  the  laser.  And,  with  the  inordinate  increase  in  bandwidth  requirements,  it  is 
no  longer  possible  to  use  this  technique.  The  previous  standard  for  the  industry  was  to  use  a  laser  that  has 
a  maximum  continuous  wave  modulation  on  the  order  of  3.56  GHz.  If  the  laser  is  pulsed  modulated  this 
value  can  be  boosted  to  16  GHz.  Suffice  to  say  that  3.56  GHz  will  only  allow  for  approximately  one  OC- 
48,  when  everything  is  properly  in  tune.  The  pulse  modulation  technique  has  any  number  of  problems 
associated  with  the  stability  of  the  laser  and  the  system.  In  any  case,  neither  of  the  two  techniques  will 
provide  what  we  will  ultimately  need  for  modulation  bandwidth.  Fundamentally,  the  system  limit  on  the 


L*  *  J 

diode  laser  is  the  cavity  length  that  is  used  for  most  of  these  types  of  laser.  Keiser  states,  “The  basic 
limitation  on  the  modulation  rate  of  laser  diodes  depends  on  the  earner  and  photon  lifetime  parameters 
associated  with  the  operation  of  the  laser.  These  are  the  spontaneous  and  stimulated  lifetimes  and  the 
photon  lifetime. .  .At  room  temperature  the  Radiative  lifetime  is  about  Ins.  .  .The  stimulated  carrier  lifetime 
depends  on  the  optical  density  in  the  lasing  cavity  and  is  on  the  order  of  lOps.  The  photon  lifetime  is  the 
average  lifetime  that  the  photon  resides  in  the  cavity  before  being  lost  either  by  absorption  or  by  emission 

[18] 

through  the  facets.  In  a  Fabry-Perot  cavity  the  photon  lifetime  is  .  .  .typically  2ps.”  Senior  supports 
Keiser  in  his  contention  when  he  states,  “the  limitations  imposed  by  direct  current  modulation  of 
semiconductor  injection  lasers  currently  restricts  the  maximum  achievable  modulation  frequencies  to  a  few 
Gigahertz.  Furthermore,  with  most  injection  lasers,  high  speed  current  modulation  also  creates  undesirable 
wavelength  modulation  which  imposes  problems  for  systems  employing  wavelength  division 
multiplexing.”  When  using  a  laser  diode  for  high  speed  transmission  systems,  the  modulation  frequency 
can  be  no  longer  than  the  frequency  of  the  relaxation  oscillations  of  the  laser  field.  The  relaxation 
oscillation  depends  on  both  the  spontaneous  lifetime  and  the  photon  lifetime.  Assuming  a  linear 
dependence  of  the  optical  gain  on  carrier  density,  the  relaxation  oscillation  occurs  approximately  as  shown 
[1],[17],[18],[19],[20] 

bd0W’  (8) 


J 


where, 


i.o  i.o,  a  L0 


tsp  =  Spontaneous  lifetime,  1 .0(10  )  seconds 

-15 

tph  =  Photon  lifetime,  2(  1 0  )  seconds  for  a  300  -jimeter  long  laser 


^--1.0  =  1.0 
1  fh 


From  our  calculation,  we  find  that, 
r  9 

jO=  3.56(10  )  Hz  or  approximately  3.56  GHz 

Clearly,  modulating  directing  onto  the  diode  laser  will  not  be  applicable  for  our  application. 
This  brings  me  to  the  external  optical  modulator. 

Knowing  the  electric  and  magnetic  field  amplitudes  along  the  z  axis,  we  can  find  what  the 
amplitude  and  field  strength  distribution  will  be  as  we  go  from  the  z  axis  out  towards  the  maximum  radius 

,  [9],  [21] 

in  the  modulator  channel.  The  geometry  is  shown  by  R.  G.  Walker,  et  al. ,  and  in  several  other 

bulletins  of  various  manufacturers.  The  key  to  some  of  the  modulator  designs  is  to  achieve  a  speed  match 

[21], [22] 

between  the  optical  and  electrical  frequencies  ’  I  think  the  best  statement  of  what  is  to  be  achieved  is 
stated  by  R.  G.  Walker,  et  al.  when  they  say,  “the  aim  in  traveling-wave  design  is  to  achieve  a  modulating 
voltage  which  propagates  in  exclusively  the  same  direction  and  at  precisely  the  same  speed  as  the  resultant 
modulation  envelope  on  the  optical  wave,  permitting  the  phase  modulation  to  accumulate  monotonically 
irrespective  of  frequency.  Velocity  mismatch  causes  phase  walkoff  between  waves  resulting,  with 

[22] 

increasing  frequency  and  distance,  in  the  cancellation  of  initial  modulation  ...”  I  think  that  most 

modulator  designers  would  agree,  for  the  most  part,  with  this  statement.  However,  there  is  a  major 
constituent  that  is  missing  in  all  of  the  design  criteria  that  one  sees  in  the  literature,  viz.,  the  imaginary  part 
of  the  optical  index  at  the  various  frequencies.  Additionally,  most  all  of  the  designs  fail  to  include  the 
distribution  of  the  electric  and  magnetic  field  functions  as  it  relates  to  the  radius  surrounding  the  z  axis. 
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T231 

Probably  the  best  evaluation  relative  to  orbital  angular  momentum,  following  Beth  is  given  bv  S  M 
[24]  [25]  '  ' 

Barnett  and  L.  Allen  and  by  Allen,  et  al.,  in  describing  the  decomposed  Laguerre-Gaussian  modes 
into  orbital  and  spin  components  associated  with  polarization  as  a  function  of  nonparaxial  light  beams. 
Allen  and  his  associates  have  noted  that  paraxial  beams  possessing  cylindrical  symmetry  possess  well 
defined  angular  momentum  per  unit  energy  flux  and  that,”.  .  .  this  angular  momentum  can  be  divided  into 
i  .  .  „  124], [25] 

orbital  and  spin  components.  These  two  papers  are  the  seminal  work  that  has  been  done  in  this 

area.  Allen,  et  al.,  argue,”  .  .  .it  is,  indeed,  not  possible  to  separate  the  toted  angular  momentum  of  the 
photon  field  into  and(sic)  ‘orbital’  and  ‘spin’  part  (this  would  contradict  gauge  invariance);  the  best  that 

[25] 

can  be  done  is  to  define  the  helicity  operator. . .  which  is  observable.”  However,  Allen,  et  al.,  show  for 
Laguerre-Gaussian  beams  within  the  paraxial  approximation  that  the  z  component  of  momentum  is  (±  1) 
for  circularly  polarized  light  and  0  for  linearly  polarized  light.  In  this  context,  then,  E  (P)<M)or  H  (Pi<hz),is 
the  complex  scalar  function,  expressed  in  cylindrical  polar  coordinates,  describing  the  distribution  of  the 
field  amplitude  of  a  Laguerre-Gaussian  beam  and  is  given  by, 


(P,<|>,z)  -  ' 


>.0  +  ^ 


( dl  )'»L  1  (i!£_ 

^W(z)  >  LP  ^  2 

W  (z) 


)*e  W  (z) 


'1.0  -  ( 


^co,^ 


X 

2  2 
2(z  +  zr  ) 


(±kl<|>) 


(  k2(  2*p  +  Q  +  1.0)  tan'W 

A r 


where; 


=  Distance  down  the  modulator,' 


=  Rayleigh  range  =  (~-  )*{  1.0  +  { —  R° 


X*(— ) 

v  n  ' 


w2(Z)  ={ro2{i.0+(-51j!2  )2}} 


R0  =  1.22  *N.A.*  X 
The  maximum  W(Z)  of  the  modulator  will  be , 

A  /  2  2  [8] 

W(z)  =Vx  +y 

The  maximum  W(Z)  of  the  fiber  will  be  the  radius  of  the  fiber. 


,  2-i  [27] 


=  V2*{  1.22  N.A.  X  (  2*p  +  Q  +  1.0)}2  0.1743533 
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1 

k 

ki 


c 

n 

ni 

x 

<t> 

X 

P 

Q 


[8], [26] 


=  Order  number  of  the  Laguerre  Polynomial 
=  Imaginary  component  of  the  optical  index  for  the 
wavelength  of  interest. 

=  Imaginary  component  of  the  optical  index  for  the  electric 
frequency  to  be  imposed  on  the  light  beam. 

8  Meters 

=  Speed  of  Light  in  a  vacuum,  =  3(10)  Seconjs 

=  Real  part  of  the  optical  index  of  the  material. 

=  Real  part  of  the  optical  index  of  the  material  at  the  electric 
frequency  to  be  imposed  on  the  light  beam. 

=  Time,  seconds 
=  Angle  of  incidence 
=  Wavelength  of  interest,  meters 
=  Radial  zero  fields  of  the  Transverse  modes  of  the  laser. 

=  Angular  zero  fields  of  the  Transverse  modes  of  the  laser, 
note:  see  Figure  3.0  for  different  TEM  beam  shapes. 


w  (z) 


w  p 

)=  e  w  <z>  S__  -i-  {e  W(z) 


For  the  magnetic  field,  we  have  a  similar  equation,  however,  the  real  and  imaginary  part  of 
the  optical  index  will  have  to  reflect  the  value  for  the  electric  frequency  that  is  placed  on  the  imbedded 
electrodes  and  is  subsequently 


For  all  of  the  constituents  of  the  equation,  one  would  substitute  nj,  ki  for  n  and  k  at  the 
optical  frequency  with  the  electric  frequency  values.  It  is  not  uncharacteristic  for  most  electrical 

[28] 

applications  to  assume  that  the  value  of  ki=  0  .  This  is  not  the  case,  however.  I  would  argue  that  it  may 

be  quite  small  at  microwave  and  lower  frequencies;  but,  it  is  not  zero.  However,  as  the  reader  will  view 
shortly,  these  values  are  not  small  at  the  very  low  frequencies.  It  is  plain  from  the  equations  that  the  value 
of  ki  plays  a  significant  part  in  the  ability  of  the  frequency  to  be  modulated  onto  the  light  beam. 
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Additionally,  what  we  find  is  that  the  different  frequencies  have  a  greater  or  lesser  impact  on  the  modulation 
as  a  function  of  the  ni  and  lq  of  the  modulator  material  at  the  radio  frequency  that  is  imposed. 

Fundamentally,  the  electrodes  in  the  modulator  are  set  at  right  angles  to  the  electric  field 
vector.  The  magnetic  field  of  the  electrodes  provide  the  traveling  wave  that  is  speed  matched  to  the  light 
frequency.  The  basic  concept  that  I  am  proposing  in  this  paper  suggests  that  the  magnetic  field  of  the 
electrodes  interacts  with  the  different  orders  of  the  Laguerre-Gaussian  photons  as  the  elliptical  path  of  each 
of  the  Laguerre-Gaussian  orders  passes  through  the  magnetic  field  of  the  radio  frequency  on  the  imbedded 
electrodes.  As  each  of  the  Laguerre-Gaussian  orders  passes  through  the  magnetic  field,  each  of  the  orders 
picks  up  frequencies  in  turn.  Essentially,  then,  each  of  the  clock  frequencies,  with  their  attendant  modulated 
signals,  becomes  independently  modulated  onto  different  orders  of  the  Laguerre-Gaussian,  each  having  its 
own  angular  momentum,  i.e.,  combinatorial  orbit  and  spin.  As  such,  each  order  of  the  Laguerre-Gaussian 
provides  a  means  that  circumscribes  a  different  helicity  and  isolates  one  from  the  other. 

This  helicity  gives  rise  to  one  of  the  more  important  aspects  of  the  phenomena  in  that  all  of 
the  orders  are  time  dilated  from  one  another  as  they  are  removed  from  the  z  axis.  So  that  the  time  dilation 
[29], [30], [31] 

goes  according  to, 


(11) 


(-kl<(>) 


At  =  x(z)* 


where; 

1  =  The  order  number  of  the  Laguerre-Gaussian 

k  =  Imaginary  part  of  the  optical  index 
<(>  =  The  angle  of  incidence  in  radians 

v  =  Speed  of  light  in  the  optical  material,^- 

g 

c  =  Speed  of  light  in  a  vacuum,  =  3  (10 


Three  Dimensional  World  -  Optical  Modulators 
Leaving  Modulator-Into  Fiber  Waveguide 


Now  that  we  have  introduced  the  modulation  into  the  electrodes  of  the  modulator  and  have 
modulated  clock  frequencies,  with  the  attendant  information  frequencies,  the  beam  must  pass  out  of  the 
modulator  and  into  a  fiber  to  be  transported  to  the  respective  destinations. 

Again,  the  modulated  light  beam  comes  into  the  fiber,  once  again  changing  from  one  optical 
index  into  another.  Under  most  conditions,  the  index  of  refraction  of  the  modulator  will  be  substantially 
higher  than  that  of  the  fiber  into  which  the  modulated  signal  is  dumped.  Again,  there  will  be  the  interface 
issue  of  reflection,  refraction  and  the  change  of  phase  angle  with  the  transmission.  We  also  have  the 
addition  of  the  amplitude  increase  because  of  the  discontinuity  between  the  two  optical  properties.  The 

relationship  between  the  exit  and  entrance  surface  electric  fields  follows  froni)[4]’[16],[32]’[33]’[34] 

(12) 
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for  N=  1.0 


where; 


(1+N0) 
4*N0*N 
(No  +  N)2 


for  N>  1.0 


N0  =  High  index  of  exit  material 
N  =  Low  index  of  material  that  light  exits  into. 


The  values  of  sin  0i  and  sin  0O  will  take  on  different  values,  so  that  the  transmission  phase 
will  again  change  as  function  of  going  down  the  z  axis.  As  a  result,  the  Laguerre-Gaussian  values  will  also 
change  as  the  Gaussian  beam  penetrates  into  the  optical  fiber.  So,  we  now  have  Eqs.  (9)  for  the  z  axis  with 
an  additional  component  reflecting  the  increase  in  the  amplitude  of  the  electric  field.  So  that  Eqs.  (9) 
becomes. 


E  =  EC  e 


47tkct  , 
k  (cos  0i)  ir 

2*sin  0i*cos  0O 


,  2  fr  1CX, 

(k  *2*Jt{fo*T  X - }— ) 


sin  (0O  +  0i)  cos  (0O  -  00 


-  4*N0*N 
’(No  +  N)2 


H  =  H0  e 


4itkc t  v 
X  (cos  0i)  ir 

2*sin  0]*cos  0O 


(k2*2*7t{f0*T;  - 


fl.0-(^)2. 


-}-) 
J  n  J 


4*N0*N 


sin  (0O  +  0i)  cos  (0O  -  0i) 


and  for  t(5) 


E  =  E0  e 


47tkc,T  v 
k  (cos  0i)  n' 


2*sin  0i*cos  0p 
1  sin  (0O  +  0i) 


(No  +  N) 


(k2*2*7t{f0*x  - 

I  r  4*N0*N 

1 - 2  J 

(N0  +  N) 


— X - fP 


H  =  H0  e 


.  47tkCT  v 
'  %  (cos  0i)  n' 


2*sin  0i*cos  0q 
sin  (0o  +  0i) 


(k  *2*7t{f0*t-' 


{^_  } 

(1  +  N0) 


— X - )p 
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The  angle  of  <t>0  will  change  and  consequently  so  will  the  helicity  of  the  various  orders  of  the 
Laguerre-Gaussian  and  the  subsequent  time  dilation  between  the  various  orders.  So  that  now,  the 
Laguerre-Gaussian  changes  its  shape  and  the  value  of  <t>0  changes  in  accommodation  to  the  difference  in  the 
index  of  refraction  between  the  modulator  and  the  anisotropic  fiber  that  is  to  transmit  the  information  The 
new  Laguerre-Gaussian  will  follow  from. 


(14) 
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(  ±  k  1  <j>0  )  (k  (2*p  +  Q+ 1.0)tan  !(£)) 
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There  is  yet  another  factor  that  comes  into  play  with  each  of  the  interfaces  that  are 
encountered  between  the  PM  fiber  going  into  the  modulator  and  the  modulator  into  the  transport  fiber,  i  e 
the  scatter  and  absorption  that  takes  place  at  each  of  these  interfaces.  Each  optical  component  will  have 
different  flux  density  or  fluence  to  contend  with  and,  as  such,  will  have  different  temperature  gradients 
Also,  absorption  and  scattering  from  the  coatings  will  be  different  for  the  various  components  which  may 

have  different  reflectivities.  For  absorption,^ -[73»n6] 


Ocr>  — 


Nm 

I 


N=1 


{ 1  -  R  -  [ 


4(\|/) 


r|L,2N 
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4  K  a°  {1.15  -  2.565(10-6)[5(103)  -  A,]} 
■  X 
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]}  r 


il,  2N+1 
-  {— }  ] 

[V  -  hL2] 


-1 
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where; 

For  low  index  material  next  to  the  substrate, 
\J/  =  1.0,  <p  =  r|s 

For  low  index  material  next  to  the  substrate, 

V  =TlS’  *P  =  t1h^ 

t|s  =  Substrate  index 

r|H  =  High  index  of  dielectric  film 

T|l  =  Low  index  of  dielectric  film 

N  =  Number  of  high  -  low  coating  pairs 


and  for  scatter,  i.  e.,  diffuse  reflection,  in  a  coated  optic, 


[4],[7],[16] 
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Cc  = 


Nm 

I 


N=1 


2N 


r(4  n  CT°{  1.0059(10'7)  [5(10)3)  -  X]}  ,2 

[ - TO  J 


If  the  optical  components  are  not  coated  with  a  quarter-wave  stack  of  optical  thin  films,  the 

[4], [7], [16] 

average  specular  reflection  from  the  optical  surface  at  normal  incidence  in  air  will  follow  from, 

(16) 


where; 


Rl,2..N  = 


(n-  l)2  +  k2 
(n  +  l)2  +  k2 


-[ 


4  71  G°{cos  0} 

— I — 


G°  =  RMS  Surface  roughness,  A 
0  =  Angle  of  incidence,  radians 

A  =  Wavelength  of  interest,  A 


] 
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For  the  case  where  there  is  a  splice,  or  any  other  type  of  interface  between  the  waveguides  in 
use,  one  may  expect  to  see  absorption  and  scatter  which  will  also  provide  reflections  with  phase  retardance 

that  can  interfere  with  the  optical  frequencies  that  are  generated  in  the  modulator. 

Fundamentally,  we  have  just  shown  how  the  electric  field  changes  in  both  dimension  and  in 
amplitude.  It  is  also  important  to  note  that  as  the  electric  field  of  the  various  orders  of  the  Laguerre  pass 
out  of  the  External  Modulator,  and  into  the  optical  fiber  for  transmission,  that  approximately  nineteen 
orders  of  the  Laguerre  are  able  to  pass  into  the  transmission  fiber.  The  conventional  wisdom  has  been,  over 
the  years,  that  the  correct  technique  for  evaluating  the  optical  transmission  into  the  fiber  has  been  predicated 

[35], [36], [37], [38] 

on  the  model  of  a  truncated  parabola  as  indicated  by  Marcuse  and  others  .  In  this  model, 

only  the  first  order  of  the  Laguerre  will  solve.  However,  the  predicate  in  all  of  the  models  has  been  that  one 
may  use  a  standing  wave  model.  In  fact,  this  is  not  true.  The  optical  fiber  is,  in  fact,  mildly  bi-refringent 
and,  further,  has  a  steep  Lorentenzian  shape  for  the  index  change  from  the  center  to  the  outer  radius  of  the 

fiber  .  Using  the  Lorentenzian  model  we  find  that  the  high  orders  of  the  Laguerre  can  pass  through  the 

[39] 

transmission  fiber  as  well  .  So,  the  transmitted  Laguerre  Orders  do  not  travel  down  the  fiber  as  a 
standing  wave.  They  are,  in  fact,  elliptical  in  nature  as  a  function  of  the  modular  and  fiber’s 

birefrigence^39^40^41^42^4^.  What  we  have  seen  so  far  reflects  how  the  light  metamorphoses  in  its 
dimensions  and  time  as  it  makes  a  transit  from  the  laser  on  to  the  modulator  and  down  the  transmission 
optical  fiber~in  both  directions. 

Ellipsometric  Phase  Rotation  In  Bidirectionality 

In  the  last  segment  we  demonstrated  how  the  coherent  laser  beam  is  traveling  down  the  fiber 

.  [41], [43] 

in  an  elliptical  orbit  and  at  the  same  time  is  traveling  a  particular  ellipsometric  phase  .  Perhaps  the 
most  cogent  statement  relative  to  the  bidirectionality  used  in  Optical  Refractive  Synchronization  is 

[42] 

summarized  in  Nye’s  statement  ,  “the  nature  of  the  medium  is  such  that  two  circularly  polarized  waves 
of  opposite  hand  and  different  velocity  may  be  transmitted  through  it  unchanged  in  form,  that  is,  in  their 
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state  of  polarization,  while  a  plane  wave  may  not  be  so  transmitted.”  We  can  determine  the  exact  amount 
of  angle  of  ellipsometric  phase  rotation  from  Equation  (17),  such  ^atC39]’[40]’[41]>[42M43^ 

A  _.w  \  '  (17> 

£  _ rc*(n0  -  ne) 

T  “  P  = - 7 - 


where; 


n0  =  Real  part  of  the  high  index 

ne  =  Real  part  of  the  low  index 

X0  =  Wavelength  of  interest,  mm 

<)>  =  Rotation  in  radians 

1  =  Length  of  travel,  mm 

p  =  Rotary  power 

In  a  similar  fashion  when  discussing  the  standing  wave  phenomena,  Hardy  and  Perrin 
[44^] 

state  .  .for  interference  is  observed  between  beams  traveling  in  the  opposite  direction.”  This  problem 
would  most  surely  be  a  factor  if  there  were  no  rotary  power  to  the  two  beams  and  they  were  in  fact 
standing  waves.  As  we  have  indicated  above,  clearly  we  do  not  have  standing  waves.  Basically,  because  a 
photon  has  no  rest  mass,  photons  can  exist  in  the  same  time  and  space.  However,  they  cannot  exist  in  the 

[30] 

same  ellipsometric  phase  .  For  our  particular  problem,  our  wavelength  is  further  separated  by  the  use  of 
splitters  and  combiners  which  are  set  out  of  phase  such  that  each  side  of  the  splitter  -  combiner  is  out  of 

K  r 

phase  by  j  .  This  phenomena  is  probably  best  described  by  the  following  expressions,  such 

,  [45], [46], [47] 

that 

for  (p)  polarized  reflection; 

R  Ni  cos  ([ip  -  N0  cos  (j>i 

P  Ni  cos  <t>0  +  N0  cos  <)>i 

(19) 

for  (s)  polarized  reflection; 

Rs  _  N0  cos  4>0  -  Ni  cos  <>i 
N0  cos  <|)0  +  Ni  cos  <)>i 

,  ,  .  ,  .  .  .  .  (20) 
for  (p)  polarized  transmission; 

T  2*N0  cos  (|)0 

p  Ni  cos  <|>0  +  N0  cos  <))i 

-  , .  .  .  .  .  .  (21) 

for  (s)  polanzed  transmission; 

Ts  2*N0  cos  4>o 

N0  cos  <|>o  +  Ni  cos  <(>1 

These  values  can  be  recast  such  that,  for  transmission, 

i  (22) 

„  _  2*sin  <t>i*cos  <|>0 

p  ”  sin(  <>0  +  <()i  )*  cos  ( <)>0  -  <()i ) 
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2*sin  <|)i*cos  <|>o 
Ts  =  sin(  <t>0  +  <|>i  ) 

There  is  always  a  concern  about  reflections  from  the  splitter-combiner  such  that  it  is 
manifested  in  Equations  (18)  and  (19).  These  reflections  are  mitigated  by  using  ellipsometrically  polarized 
isolators  In  this  fashion,  the  reflections  from  each  side  are  minimized  against  imposing  an  aliasing  signal 
onto  the  respective  sensors. 


Experiment  With  Subsequent  Data 


Experiment . Number  One 
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^oal*  Observe  if  simultaneous  two-way  transmission  of  a  single  wavelength  over  a 
single  fiber  optic  is  possible  without  interference. 

Introduction:  The  need  for  sending  signals  down  a  single  fiber  optic  simultaneously  in 
both  directions  is  driven  by  specifications  of  redundancy  within  a  fiber  optic  network.  It  is 
important  to  determine  if  two  signals  on  similar  carriers  will  interfere  within  the 
waveguide  when  traveling  in  opposite  directions. 

Setup:  A  schematic  diagram  of  the  setup  is  shown  in  Fig  1.  Details  of  equipment 
specifications  are  shown  in  Appendix  2.  The  Lucent  DFB  laser  in  the  Alpha  Three 
transmitter  is  the  1550  light  source.  The  output  of  the  laser  is  split  into  two  legs  of  fiber 
line  with  approximately  18  mW  of  power  on  each  one.  Each  line  is  coupled  into  a 
separate  UTP  modulator.  One  is  driven  with  a  clock  signals  from  channel  one  at  2.9  GHz 
and  the  other  is  driven  with  a  clock  signal  from  channel  2  at  4.7  GHz.  The  output  of  each 
modulator  is  fed  through  a  splitter  into  opposite  ends  of  1 550  nm  single  mode  fiber  50 
km  long.  The  signals  are  then  detected  by  separate  detectors  as  shown  in  the  figure. 

The  signal  from  modulator  1  after  passing  through  the  fiber  will  appear  in  detector  B.  The 
signal  from  modulator  2  after  passing  through  the  fiber  will  appear  in  detector  A.  The 
output  of  each  detector  is  amplified  and  monitored  on  a  spectrum  analyzer.  Reflections 
are  minimal  and  will  be  described  later. 

Bidirectionality:  The  signal  transmitted  from  channel  1  after  passing  through  the  fiber  is 
measured  at  detector  B  at  ~14mV.  The  signal  transmitted  from  channel  2  after  passing 
through  the  fiber  is  measured  at  detector  A  at  ~22mV.  The  difference,  about  4  dB,  is 
caused  by  a  drive  voltage  on  channel  2  that  is  about  3.5  dB  greater  than  channel  1 .  In 
order  to  show  that  there  is  no  interference  of  the  two  crossing  signals,  a  separate 
experiment  was  carried  out.  Only  one  signal  is  sent  down  the  fiber  in  one  direction.  No 
change  in  signal  strength  is  observed  between  sending  signals  unidirectionally  and 
bidirectionally. 

Reflections:  The  signals  from  both  channels  also  reflect  and  backscatter  into  the 
detectors.  Sources  of  reflections  are  predominantly  from  the  fiber  surfaces  on  the 
splitters.  The  signal  observed  on  detector  A  for  Ch.  1  is  ~  2mV.  The  signal  observed  on 
detector  B  for  Ch.2  is  ~1 .5mV. 

Analysis:  The  Ch.  2  signal  transmitting  across  the  50Km  of  fiber  is  about  one  order  of 
magnitude  larger  than  the  reflected  signal  voltage  from  Ch.  1 .  That  translates  into  a 
20dB  power  difference  between  the  transmitted  and  reflected  signal.  The  transmitted 

APPENDIX  B 

Equipment  list: 

Lucent  laser  1550nm  lOmW 

Corning  5  smf 

Firmionics  detector  HS-30 

UTP  (Uniphase)  modulator  AMI  50-002085 

HP  spectrum  analyzer  8564E 

JCA  technologies  amplifier  jca21 8-344 

Alpha  Three  Transmitter 


signals  should  see  about  1 3  dB  loss  in 
the  50Km  of  fiber  and  an  additional  3dB 
loss  for  each  splitter.  The  total  loss  for 
the  transmitted  power  signal  is  about 
20dB.  The  losses  for  the  reflected  signal 
should  add  up  to  about  40  dB  or  0.01%, 
given  the  20  dB  differences  seen  in  both 
signals. 


Noise  measurements:  It  was  suggested 
by  some  that  interference  between  the 
two  signals  in  the  fiber  would  increase 
the  noise  floor.  No  observed  increase  in 
the  noise  floor  was  measured  between 
running  a  single  channel  or  both  simultaneously.  The  drive  voltage  on  the  modulators 
was  moderate  and  on  the  order  of  1 0mV  or  -30dBm. 

Phase  relationships:  It  was  inferred  by  others  that  the  phase  is  crucial.  Therefore,  the 
relative  phase  between  signals  was  altered  to  observe  any  system  performance 
changes.  The  legs  on  the  dual  port  of  the  splitters  adjacent  to  the  50Km  of  fiber  were 
swapped  to  see  if  the  u/2  phase  shift  has  an  effect  on  the  system,  but  no  significant 
change  in  system  performance  was  measured.  The  phase  shift  appears  to  have  no 
effect. 

Path  Lengths:  The  effect  of  changing  the  path  length  of  the  system  was  questioned  in 
regards  to  unequal  field  strengths  at  different  distances  within  the  fiber.  The  attenuation 
in  50Km  of  fiber  would  cause  an  imperfect  cancellation  of  the  two  waves.  A  shorter  fiber 
would  allow  more  perfect  cancellation  and  extinguish  the  transmitted  signals,  if  that  was 
the  correct  model.  The  50Km  of  fiber  are  replaced  with  a  1ft  splice.  This  only  increases 
the  transmitted  signal. 

Conclusions:  Simultaneous  two-way  transmission  of  a  single  wavelength  over  a  single 
fiber  optic  is  possible  without  interference.  Efforts  in  the  future  will  have  to  show  if  there 
is  a  limit  to  the  amount  of  data  transmitted  due  to  noise  in  the  system  caused  by 
reflections. 
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Experiment' 

Equipment  list: 

Lucent  laser  I550nm  lOrnW 

GEC  Marconi  1550nm  3mW 

UTP  (Uniphase)  modulator  AM150-002085 

GEC  Marconi  modulator  LT7726 

Firmionics  detector  HS-30 

JCA  technologies  amplifier  jca2 18-344 


Number  Two 

AMP  50/50  splitter  107798-8 
Coming  fiber  1 00km  smf 
Semi-rigid  cable  dc-40GHz 
Iff  signal  sweeper  83650A 
HP  spectrum  analyzer  8564E 


First  Setup;  Two  1550  nm  lasers  are  used  in  this  experiment.  Signals  in  the  15GHz  range  are 
driven  onto  laser  modulators.  The  signals  are  launched  down  the  same  fiber  via  50/50  splitters  the  signals 
are  picked  up  by  photodiodes  on  the  other  tail  of  the  splitters  (see  Figure  One).  Both  signals  are 
transmitted  over  lOOKm  of  fiber.  The  signals  from  the  two  photodiodes  are  monitored  on  a  spectrum 
anaiy^r.  Photos  one  through  four  show  the  resulting  signals.  The  signal  from  the  lucent  laser  is  held  at  a 
static  frequency  of  15  GHz.  The  signal  from  the  GEC  Marconi  laser  modulator  is  swepped  from  14.9999 

GHz  to  15.0003  GHz  in  0.1  MHz  increments  and  subsequently  show  no  interference  between  the  two 
beams. 
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Figure  1.0-  Radial  And  Angular  Zero  Fields 


Normalised  radius  r/w  TEMOO 

Figure  2.0-  Outcoupled  Laser  Cavity  Mode  Patterns 
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Figure  3.0-  Circularly  Polarized  Light  -  Left  Hand 
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Figure  4.0-  Circularly  Polarized  Light  -  Right  Hand 

A.  orthogonal  linear  components  with  equal 
amplitudes  and  90°  relative  phase  shift;  B.  vector  sums  of  the 
two  components  shown  in  A  at  points  labeled  1  throguh  4;  C. 
demonstration  that  the  tip  of  the  electric  field  maps  out  a  circle 
when  viewed  along  the  p  rogation  direction  looking  toward  the 
light  source;  D.  path  at  a  single  instant  in  time  of  the  resultant 
electric  field  avector  represented  in  A,B  and  C. 
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Figure  5.0-  Intensity  Distribution  For  Various 
Outcoupled  Mode  Patterns 


LG,, 


Figure  6.0-  Laguerre  Modes  -  Diffraction  Patterns 


Laguerre  polynomials 
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Figure  7.0-  Laguerre  Modes  -  Angular  Momentum 


Figure  8.0  Three  Dimensional  Plots 
Of  The  Field  Distribution  Of 
Some  Laguerre-Gaussian  Laser  Modes 
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